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Chapter 1 


INTRODUCTION TO THE FIELD EFFECT TRANSISTOR 


1.1 The family of field effect transistors provides the electronic engineer with the 
means by which he may accomplish almost every known circuit function. The 
following short list of applications indicates the versatility of the family, and 
this booklet describes briefly the basic design concepts relating to each topic. 

AMPLIFIERS 

— small signal 

— low distortion 

— high gain 

— low noise 

— selective 

— d.c. 

— high-frequency 

SWITCHES 

— chopper-type 

— analog gate 

CURRENT LIMITERS 

VOLTAGE CONTROLLED RESISTORS 

INTEGRATED CIRCUITS 

The very wide range of application of field effect transistors does not mean, 
however, that they will replace the more familiar bipolar types in every case. 

It simply means that their characteristics - which are very different from 
bipolar characteristics often make possible the design of technically superior, 
and indeed cheaper, circuits. This comment applies to both linear and digital 
integrated circuits in addition to networks employing discrete devices. In fact, 
the state of the art currently allows a much greater packing density in large 
scale-integrated circuits (LSI arrays) using field effect transistors than is possible 
for any competing bipolar process. 

The family of field effect devices can bo divided into two groups: 

(i) the Junction FET, or more simply the I I I 

(ii) the Insulated Gale FET, or MOSI I T, (metal oxide silicon transistor). 

As shown in the family tree on page 5, junction I I I s, which are inherently 
depletion devices, are available in both N channel and P channel form 
MOSFET's can exist as either depletion or enhancement devices, both ol whe h 
are available in either N-channel or F channel form ()l the resulting loin 
categories, however, the P-channel MOSFI I is the most common I he N channel 
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depletion type is available, whilst the N-channel enhancement is just coming 
into use. 
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The two groups depend on somewhat different phenomena for their operation, 
and are introduced separately. 

1.2 The Junction FET 

This transistor consists essentially of a channel of semiconductor material 
(usually silicon) through which a current flows, the magnitude of this current 
being controlled by a voltage applied to a gate, which is a reverse-biased PN 
junction formed along the channel. Implicit in this description is the primary 
difference between the FET and the bipolar transistor: that because the FET 
junction is reverse-biased the gate current is practically zero, whereas the base 
current of the bipolar transistor is not. In other words, the FET is inherently 
a high-input-resistance device — as against the comparatively low input 
resistance of the bipolar transistor. 

Depending on whether the channel is doped with a donor impurity, giving 
N type material, or with an acceptor impurity, giving P-type material, the 
channel current will consist of electrons or holes respectively. As would be 
expected, N-type channels have greater conductivity than P-type channels 
since electrons have a higher mobility than holes. This is substantiated by the 
fact that N-channel devices can be manufactured to exhibit lower channel 
resistance and higher transconductance than P-channel types. Hence the 
N-channel device is generally more efficient than its P-channel counterpart. 
These devices are particularly suited to fabrication by modern planar epitaxial 
methods, and Figure 1 illustrates this process in an idealized way. First, 

N-type silicon is deposited epitaxially onto mono-crystalline P-type silicon in 
such a manner as to maintain crystalline integrity. Then a layer of silicon 
dioxide is grown on the surface of the N-layer and a hole is etched therein so 
lluit acceptor-type impurity can be diffused through into the silicon. The 
resultant cross-section (shown in diagram c, Fig. 1) illustrates how a P-type 
annulus has been formed in the layer of N-type silicon. Diagram (d) shows how 
a further oxide-growing, etching and diffusing sequence can produce a channel 
of N lypo material within the substrate. 

I hreo ohmic (non-rectifying) contacts are made as shown in sketch (e), the 
Iwo channel contacts being the SOURCE and DRAIN respectively. (For the 
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symmetrical geometry shown, it is immaterial which end of the channel is 
called the source and which the drain, but for more complex asymmetrical 
geometries this is not so). The sketch also shows how the N-channel is embedded 
in the P-silicon substrate in such a way that the GATE above the channel 
becomes part of this substrate. 

Figure 1. Idealized representation of the manufacture of an N-channel 
junction field effect transistor. Diagrams (a) to (d) are 
idealized cross sections; (e) idealized complete chip. 



(a) P-type silicon substrate 



N-type silicon layer deposited epitaxially 



Impurity diffused in to start isolation region 


More impurity diffused in to complete 
isolation and form N-type channel 



Final form taken by FET: with N-type 
channel embedded in P-type substrate 


To understand how the FET works, consider the idealized cross-sectional dia¬ 
gram of Figure 2 (a). If the gate is connected to the source then the full 
applied voltage Vqs appears between the gate and the drain; but because this 
is now a reverse-biased PN junction, practically no current will flow in the gate 
connection. However, the potential gradient so set up will form a depletion 
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layer, where almost all the free electrons present in the N-type channel will be 
swept away. Clearly the most depleted portion is in the high-field regions 
between the drain and the gate, and this depletion will reduce to zero at the 
gate-source region. 


V os < V P 



Figure 2a. N-channel FET working below saturation (Vqs = 0). 
(Depletion shown only in channel region). 


Because the flow of current along the channel from the (positive) drain to the 
(negative) source is really a flow of free electrons from source to drain in the 
N-type silicon, the magnitude of this current must fall as a progressively greater 
volume of silicon becomes depleted of free electrons. This means that there is 
a limit to the amount of current Iq which an increasing drain-source voltage 
Vqs can drive through the channel. This limiting current is given the symbol 
IDSS, which means Drain to Source current with the gate Short-circuited. 
Figure 2 (b) shows the almost complete depletion of the channel under these 
conditions. 


Vds > Vp 



Him i> 21 ) N channel FET working in saturation region (Vqs = 0). 






































Figure 2 (c) is a sketch of the output characteristic of an N-channel FET with 
the gate short-circuited to the source The initial rise in I q is related to 
the build-up of the depletion layer as Vqs increases, and the turn-over of the 
curve towards the limiting current Iqss appears when Ip begins to be pinched- 
off. The physical meaning of this term is obvious from the diagrams, and leads 
to one definition of the pinch-off voltage, Vp, which is the value of Vq$ at 
which the maximum current Iqss flows. (This is actually a rather arbitrary 
definition, and more will be said about it in the next Chapter). 



Figure 2c. Idealized output characteristic for Vqs = 0. 


Now consider the case when Vqs = 0 and a negative voltage Vqs is applied 
to the gate. This situation is illustrated in Figure 3, from which it will be soon 
that a depletion layer has again built up. If a small value of Vqs were now 
applied, this depletion layer would limit the resultant channel current to a 
lower value than would be the case for Vqs = O. In fact, at a value of 
I VqsI > I Vpl the channel current would be cut off almost entirely. This 
cut-off voltage is usually (and perhaps unfortunately) referred to as the gate 
pinch-off voltage, or simply the pinch-off voltage, and is also given the symbol 
V P . 



Figure 3. N (hannol 11 I showing ilnpletlon ht\ w duo tuu iu soune 
volume (Vps (I) 
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The consequences of the two mechanisms acting together is shown in Figure 4 
(a), which gives a family of output characteristics. Figure 4 (b) relates these 
curves to the actual circuit arrangement, and shows how meters may be 
connected to display the conditions relevant to any combination of Vqs and 
Vqs* Note ^at the direction of the arrow at the gate gives the direction of 
the current flow for the forward-bias condition of the junction. In practice, 
however, it is always reverse-baised. 



Figure 4. (a) Family of output characteristics for N-channel FET. 



(b) Circuit arrangement for N-channel FET. 

Returning to Figure 4 (a), the area of the graph below the pinch-off voltage 
locus is called the triode or below pinch-off region; the area above is called the 
pentode, saturation, or pinch-off region. Later it will be seen how the FET 
can act as a voltage-dependent resistor or a low-level switch in the triode 
region; and as an amplifier in the saturation region. For the present it is 
sufficient to observe that below saturation, both Vqs and Vqs control the 
channel current, whereas in the saturation region Vqs has little effect, and 
Vqs is essentially in control of Iq. 
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The P-channel FET works in precisely the same manner as the N-channel, 
except that the channel current is due to hole movement. Consequently all 
the applied polarities are reversed, and their directions, along with the direction 
of current flow; as shown in Figure 5 (a). Sketched in Figure 5 (b) are the 
output characteristics of the P-channel FET, which , like those for the N-channel 
type, have been drawn in the correct quadrant in order to stress the current 
directions and polarities involved. 



Figure 5. (a) Circuit arrangement for P-channei FET. 



(b) Family of output characteristics for P-channel FET. 

Some devices are manufactured using the planar diffusion sequence dopictcd in 
Figure 6, which is self-explanatory. 

Summarizing, it can be said that the junction I I I < onnisls i v.cintmlly ol n 
channel of semiconductor material along wltn h a « uiienl may (low wIiomi 
magnitude is a function ol two voltage*, V| )j, and Vi When V| p, m gieatei 
than Vp, then tlm channel < uminl e« • onlmllad I nte*Iy hv V( hImiih and ' 
because Vqs applied to a lever.n hhr nd |uni lion Hie iMMilhmi g ih i mien l 


til 


is extremely small. In this sense, the N-channel FET is analogous to the 
thermionic pentode, and, as will be shown later, can be connected as an 
amplifier like the pentode. 

The P-channel junction FET behaves in a similar manner, but with the 
direction of current flow and both voltage polarities reversed. There is no 
good analogy with a thermionic tube here unless it is postulated that somewhere 
an anti-matter galaxy exists wherein positrons take the place of electrons, and 
anodes are biased negatively! 



mm 



m wzm 


WWa 


mm 


(a) N-type silicon substrate 


(b) Acceptor impurity diffused in to form P-type 
silicon island 


(c) Donor impurity diffused in to form second 
N-region, leaving a P-type channel 



(d) 


Final form taken by P-channel FET 


Figure 6. Idealized fabrication sequence for planar diffused P-channel 
FET. 

1.3 The Insulated-Gate FET (or MOSFET) 

The MOSFET depends for its operation on the fact that it is not actually 
necessary to form a semiconductor junction on the channel of a FET in order 
to achieve gate control of the channel current. Instead, a metallic gate electrode 
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may simply be insulated from the channel by a thin layer of silicon-dioxide, as 
shown in Figure 7 (a). Although the bottom of the insulating layer is in 
contact with the P-type silicon substrate the physical processes occurring at 
this interface (bending of the Fermi levels) dictate that free electrons 
accumulate near this interface, spontaneously forming an N-type channel. 

This means that a conducting path exists between the diffused N-type source 
and drain regions, and furthermore, that the MOSFET will behave in a similar 
manner to the N-channel junction FET when a voltage of the correct polarity 
is applied to the channel (as in Figure 7 b). 

The output characteristics of the device appear as in Figure 7 (c), but because 
there is no junction involved, Vgs can be reversed without engendering a gate 
current: that is, the gate can be made positive with respect to the source as 
well as negative. Under these circumstances yet more free electrons will be 
attracted to the channel region, and \ q will become greater than IqSS* This 
mode of operation is represented by the upper members of the family of 
output characteristics. 

Because the application of a negative gate voltage causes the channel to be 
depleted of free electrons — so reducing Iq — the device is called an N-channel 
depletion-type MOSFET. Note that since the insulating layer is usually 
silicon dioxide, the terms MOST and MOSFET are often used: but as 
fabrication using other insulating layers such as silicon nitride is feasible, the 
term IGFET would be more generic. 

Returning to Figure 7 (b), it will be noticed that the MOSFET symbol used is 
descriptive of the device itself in that (a) the gate is removed from the channel, 
showing that a junction is not present, and (b) the polarity is indicated by the 
arrow defining the direction in which current would flow if the channel-substrate 
junction were forward-biased. (Notice that this arrow uses the same convention 
as for the N-channel junction FET). Later it will be shown that for some 
purposes the substrate will be biased rather than left floating as in Figure / (b). 

The foregoing discussion has established that the depletion MOST I I is a 
normally-ON device — that is, when Vgs 0, a conducting path exists 
between source and drain. For many purposes a normally C)I I davit e would 
be useful, and this leads to the concept nl the onhitwomcmt M( I'.l I I, so 
called because an increasing voltage applied to the gate will (d nl the 
correct polarity) enhance channel i undue linn and depletion will hnvm mi i mi 
113 being zero when Vqs 0 

The realization ol such a ilevu e is illiiNliaicd (again Ideally) in I igun* it (a) 

Hero, at ceploi nnpuilly has been ill I In • d In in m N lyp*» nil o mi chin in I min 

P-type source and illain ici||oin* so lhai a I'N |um lion »•••I b»o . nit • »l 

these and the sub.hale Ih'lvvi «ui Ihe oiiim< md ill. "dn li'Mi'h*.I 

exists for, lliespiu tlve ol the In whli h a dialn m. h i . r ,.h i 

one ol the l*N (line linns will lie Mably I • o • i •• hi a- »*d It n . «>«• i 
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g Figure 7a. 



Idealized cross-section 
through an N-channel 
depletion-type MOSFET 



Figu.re 7b. Circuit arrangement for 
N-channel depletion 
MOSFET. 



Figure 7c. Family of output 

characteristics for the 
Si Iiconix 2N3631 
N-channel depletion 
MOSFET. 


voltage is applied to the gate, a field will be set up in such a direction as to 
attract holes into the upper layers of the substrate, so producing a P-type 
i hannel. In other words, hole conduction becomes possible, and is 
progressively enhanced as Vqs increases negatively. 

I Ins situation is demonstrated by the family of output characteristics in 
I iguro 8 (c). The normally-OFF property of the P-channel enhancement 
M( )M I I is reflected in the symbol of Figure 8 (b), where the channel is 
lepicsentod by the broken (open circuit) line. This latter symbol, though 
logic al, and approved by the I.E.E.E., is often ignored by manufacturers. 
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A symbol which is simpler to draw often appears in data sheets, and the user is 
expected to be sufficiently familiar with the technology to be undeterred by 
this confusing practice. The P-channel enhancement MOSFET is currently the 
most popular member of the family in general use, and is in fact the basic element 
in large-scale integrated circuits. 



Figure 8a. Idealized cross-section 
through a P-channel 
enhancement MOSFET. 



F i gu re 8 b. Circuit arrangemen t for 
P-channel enhancement 
MOSFET. 



Figure 8c. Family of output 
chtrm (oris th v lot a 
Ft hannttl enhain rinumt 
MOSI / / 
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Figure 8d. 


Figure 8e. 


Figure 8f. 


Idealized approach of pinch-off, 

(<l) V DS = o, (e) \V D s\<WgsI (f) I^DSl>I^GSl 
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II now ;i negative drain voltage VqS is applied, a current \q flows out 
of ilin drain. If IVqsI increases, UdI also increases; but the voltage between 

II,n ill and gate decreases, so that the thickness of the channel at the dram 

... induced as indicated in Figure 8 (e). Therefore the curve of Iq versus 

V| )•, begins lo bend over (as shown in Figure 8 (c)>, and will eventually reach 
„ iimiiiiKi value when V|>s VqS and the channel becomes pinched-off. This 
iltiftimii in mprmwinlod by Figure 8 (f). 

I nl Ihm.mI values of V(jf; give rise to different limiting values of Iq, so that the 
, |„„ „ i„ l |..iii lainlly of output curves shown in Figure 8 (c) is realized. 
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The depletion-type MOSFET characteristics also come about for the reasons 
described above except that members of the output characteristic family also 
exist for Vgs values of zero or reversed polarity. 

In principle it is possible to manufacture the remaining two members of the 
MOSFET family — the P-channel depletion and the N-channel enhancement 
types. Because of the spontaneous formation of an N-channel at a silicon/ 
silicon-dioxide interface, however, the processes involved become difficult. 
Though these types are obtainable, at the time of writing they are comparatively 
rare. 

1.4 Summary 

In this chapter a purely qualitative description of the family of six field effect 
transistors has been given. It is recognized that at first reading the properties 
and characteristics of the different types may be somewhat confusing, and the 
next chapter will therefore seek to tabulate them in terms of their gate-voltage 
versus drain-current performance, or transconductance curves, and these will be 
simply related to the symbols used for the various devices. 


Chapter 2 


CHARACTERISTICS, PARAMETERS AND TOLERANCES OF FIELD 
EFFECT TRANSISTORS 


2.1 The Transconductance Curves of the Junction FET 

A large proportion of field effect transistor applications including linear 
amplification involve operation in the saturation (or pinched-off) region of the 
output characteristics where Vqs has but little effect, and the gate voltage Vqs 
is in almost sole control of the channel current Iq. Under these circumstances it 
is entirely valid to characterize the FET in terms of the relationship between Iq 
and Vgs; that is, by means of the transconductance curve. 1 

Figure 9 illustrates transconductance curves for the two classes of junction FET, 



I igtire 9a. Transconductance curves for an Nchanne! FET. 



I mm» Hi /ninsconductance curves fora P-channeI FET 
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and does so in the correct quadrants so that the polarities of the applied voltages 
correspond to the signs of Vqs and >D on the graphs. Here the convention is 
that currents into the FET are considered positive, and currents out of the FET 
are considered negative. For example, Iq for the N-channel FET is positive, 
whereas the source current Is would be negative. 

The transconductance curve is very important from the circuit design point of 
view because not only is it useful in determining the bias, or quiescent conditions 
under which the FET should operate, but its slope at the working point 
immediately gives the transconductance, gf s . This is defined as the ratio of the 
small change in channel current to the small change in gate-source voltage 
which produces it. To extract this parameter, the equation to the transconduct¬ 
ance curve must be known, and in the case of junction FET's, this is simply 
a square law: 


•D = >DSS 


VGS 1 

L’-vrJ 


( 2 . 1 ) 


(Actually, the index may be anything between 1.9 and 2.1, but for most 
practical purposes 2 is a satisfactory approximation.) 

Differentiating Ip with respect to Vgs gives the transconductance at any 
working point: 


Notice that when numerical values, along with their proper signs, are inserted 
into the foregoing equations, gf s always turns out to have a positive value, 
irrespective of the polarity of the FET. This is simply an expression of the 
fact that the transconductance curves rise from left to right that is, they 

both have positive slopes. As will be seen later, this is nol a puiely a< .. 

point; when the characteristics of all six devices in tlm I I I family are (list 
being considered, much confusion can arise if sign convnuhoiis an mi.I 
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r: 
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dl D 2 IQSS T Vgs 

r 

9fs “ dVQS ~ Vp [ 1_ Vp 

... (2.2) | 

and in particular, where the transconductance curve meets the y-axis at 

Vqs = O, this becomes: 

r 

2 IDSS 

1 

gfso - vp 

... (2.3) 

This is a parameter which is normally given on FET data sheets, and to obtain 

gfs at any working point, it is necessary only to use a simple relationship derivod 

from equations 2.2 and 2.3: 


r v GS q i 

r 

9fs - 9fso [ 1 Vp ! 

... (2.4) | 

Where VgSQ is the quiescent, or bias value of VGS- 
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The square law form of the transconductance curve given in equation 2.1 is a 
very close approximation near Iq = IdSS» but it becomes progressively less 
accurate as Iq becomes smaller. However, it does lead to a good definition of 
Vp, because, if equation 2.3 is re-written in the form: 

-Idss 

9fso = Vp /2 


it can be seen that this is the equation to a straight line whose slope is gf so 
(where Iq = Iqss) anc * which cuts the x-axis at Vqs = %Vp. Hence, Vp is 
precisely defined. 

Although this result does lead to an a.c. method of measuring Vp, most 
manufacturers use a simpler d.c. method, and define Vp as that gate voltage 
which reduces Iq to some specific low value (often InA) at a stated value of 
Vqs* The value given by this method is not too far removed from that which 
would have resulted from a more valid measurement. 


Also, the data sheet value for Iqss is usually based on a measurement taken 
not at the 'knee' of the curve, as implied by Figures 2, 4 and 5, pages 7-10 
but at some realistic value of Vqs* Obviously, to operate a FET near the 
'knee' of its output curve would be quite unusual, because it would be working 
neither in the triode nor the saturation regions. It is therefore more reasonable 
to quote Iqss at some point well into the saturation region where it will be 
most useful to the circuit designer. 

Reference to the data sheet for the Siliconix El02 N-channel FET, for example, 
will demonstrate the foregoing points. Here, 

Vp (at Vqs - 20V and Iq = 10 nA) 

= —0.8V (min.) to —4.0V (max), 
and 

IDSS ( at V DS = 20V) = 0.9mA (min.) to 4.5mA (max.) 


Also, 

9fs (at V DS = 20V and VgS = 0) = 1000 umhos (min.) 

/ 

Notice /hat these three values imply the existence of tolerances; that is, ranges 
within which the quoted parameters are guaranteed to lie when the specified 
operating conditions are met. From the values of Vp and Iqss given above, it 
is possible to draw a pair of transconductance curves which will define the upper 
limit and the lower limit FET's in the El02 class. This has been done in Figure 
10 . 


I lu? data sheet values Vp (min) and Vp (max) are quoted at a very low value of 

I I > (I nA), which is useful where switching calculations are involved. This leads 
lo some slight inaccuracy in biasing calculations for linear amplifiers however, as 
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Figure 10. Limiting transconductance curves for the Siiiconix El02 N-channei FET. 

the best fit of the square-law theoretical transconductance curve will be found to 
occur if Vp is measured at 

•dss 

Id — -joo “ an approximation of which is true for most FET's. 

It is fortunate that, for reasons connected with the physical geometry of FET's 
a unit having a high I DSS w* 11 also have a high Vp and vice versa, because it 
means that the limiting transconductance curves will never intersect. As 
demonstrated in Figure 10, it is possible to draw two such curves for a given I I I 
and know that all FET's of that type number will exhibit transconductance 
curves between those limits. The next chapter will show how this presentation 
leads to a very simple method for bias circuit design. 

Because the junction would be forward-biased if Vqs were made positive for 
N-channel or negative for P-channel FET's, the transconductance curve musl stop 
when it meets the y-axis. However, knowing that a silicon PN junction will not 
begin to conduct until a few hundred millivolts has been applied in the forward 
direction, it is possible to allow Vgs to forward-bias the junction up to about 
two hundred millivolts if the design would be facilitated by so doing. 

Conversely, the value of Vqs in the normal reverse direction may be increased 
only until the breakdown voltage of the junction is approached. This limiting 
voltage is termed BVqsS* which means Breakdown Voltage from Gate to Souh e 
with the drain Short-circuited. 

2.2 Output Characteristics for the Junction FET 

A family of output characteristics for the Siiiconix 2N260H P channel II I is 
reproduced in Figure 11. Notice that they are drawn in die lira quadrant, hut 
that the numerical values of Id and Vps oro given nngotlve nlgus 1 In is an 
alternative presentation very commonly found in data sheets 
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Figure 11. Output characteristics for the Siiiconix 2N2608 P-channel 
FET. 

Notice also that the upper characteristic is relevant to a forward gate voltage of 
~200mV. This illustrates the point made in section 2.2 that a small amount of 
forward gate bias is tolerable if called for in the circuit design. 

Although the channel current of a FET is self-limiting at little more than IdSS* 
it will suffer a catastrophic rise, possibly leading to destruction of the device, if a 
voltage in excess of the breakdown voltage B VdsS' s applied. The occurence of 
such an event is clearly demonstrated by the sudden rise in Id at the right-hand 
end of the family of output characteristics. 

The mechanism involved here is actually that of a reverse voltage breakdown of 
the junction itself, as the term BVdSS implies that the gate is short-circuited to 
the source. That is, BVpsS = BV DGS- The breakdown voltage for any other 
gate voltage is termed BVdSX* an d this voltage must then be specified. 

The incremental slope at any point on an output characteristic is termed rds or 
its reciprocal g 0 s- That is, 

6VDS Sip 

r ds= & | D and g os = &VdS 
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Manufacturers have arbitrarily elected to refer mainly to r^s when considering 
triode region operation, and g 0 s when considering saturated operation. In the 
saturation regions, r^s is obviously very large, because Iq is almost (but not 
quite) independent of VqS- In the triode regions, however, Ip changes markedly 
with Vds* so that rd s becomes small. 

It is in the triode region that the FET acts as a voltage controllable resistance, 
which is apparent from Figure 4 (a) Page 9 , where the output characteristics 
will be seen to have slopes which depend on the values of Vqs* Figure 12 (a) 
shows these differing slopes in the region close to the origin where Vqs' s very 
small. It also reflects the bi-directional nature of a symmetrical FET, for 
providing that the junction does not become significantly forward-biased, 

VqS may be applied in either sense. Note that near the origin, before the 
characteristics turn over, the incremental channel resistance rds has the same 
values as the d.c. resistance tq s 



Figure 12. (a) Low-level bidirectional output characteristics for the 
Siiiconix 2N2609 P-channel FET. 


The values of rps near the origin are plotted in I iguie 12 (It), from Whi< h ii 
will be seen that in the case of the Siliconix 2N200U, Ini emimpln, (hi* 
channel resistance can vary from a few hundiedn <»f <iliivr. in ninny mi unhin. 
It is this property which is put to use in Inw level i huppei III mid .il .. in 
voltage-controlled-resistor types, bolli ol which will l..» m u« - I in r nil luiei 
in the handbook. 



Vqs gate-source voltage V 

I icjure 12. (bj Variation of incremental channel resistance r^ with 
gate voltage Vqs- 


2.3 Leakage currents and temperature effects in junction FET's. 

Although a reverse-biased PN junction blocks current flow very efficiently, a 
small leakage current does appear due to the movement of thermally generated 
minority carriers. That is, normal thermal agitation produces a few free 
electrons in the P-region and a few free holes in the N-region. These charge 
carriers are accelerated across the junction by the electric field and so 
constitute a small leakage current. 

Figure 13 (a) shows how IGSS* the reverse Gate-to-Source current with the 
drain Short-circuited, is measured. IQSS is made up of two current components, 
l|)G and ISG/ but if either the drain or the source is left open-circuited, the 
resultant currents become IGSO and •GDO respectively. These are slightly 
different from IqG an d ISG because in the short-circuited case there is a 
contribution from each end of the channel. 4 

If the reverse gate voltage is increased beyond Vp so that the FET is cut off, 
than only a very small channel-gate leakage current, iD(off)* flows. This is shown 
in I iguro 13 (d). ID(off) is a measure of the goodness' of a FET switch. 
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Figure 13 Measurement of leakage currents: (a) Iqss, (b) IqSO, 

(c) lGDO,and(d) lQ{off)• 

Returning to gate leakage currents, it is clear that because minority camel 
generation is a thermal phenomenon, IqsS should bo proportional In tempeialuio 
This is in fact so, and a typical curve of IQS S versus temper alum is given in 

Figure 14. IQSS is proportional to /Vqs, and is logarithmically <I<mmmhI. 

upon the temperature. This latter point means that n davit n wlm h t Inlm • a 
very small leakage at room temperature may novuilhele s allow an miiheii • singly 
high IGSS to flow at temperatures approaching 100°( I nr appio* imuP' 
calculations it can be assumed that IQSS doubles lm evoiy I l M ( n>mp< mum 
rise. 

Using the normal convention, Igss will he positive lm • I '. I . .. I I l i ... i 

negative for an N-channol I I I, bul Imm nii'.it Dm imieni dip . .. i , ,. 

the convention is raroly used in Ibis r nni< i 
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I i (jure 14. Variation of gate leakage current with temperature fora 
typical junction FET. 

In actual practice, the gate leakage current of real interest is that which flows 
when the FET is working under its designed operating conditions, and it is for 
this reason that Iq is often quoted for specific values of Vqg and Id* For 
N channel FET's in particular, Iq at first rises slowly with increasing drain 
voltage, then increases very rapidly. 23 For most devices the turn-over occurs in 
Hie region where Vqg ~ 20 volts, and this is observed to be higher for elevated 
ling i a hires. It is thought that this phenomenon is due to carriers in the channel 
Ingng accelerated by high fields sufficiently to generate hole-electron pairs by 
collision processes. 

Not only is the leakage current of a FET a function of temperature, but so to a 
lrv.pi extent are all the other parameters! Figure 15 illustrates the effect of 
lemporoture upon the transconductance curve, and it will be noticed that when 
Vc,:, is small, l{) has a negative temperature coefficient, which becomes positive 
when V(ip> is large. 

I Ins change over in sign is due to two different effects. Firstly, as the 
irmpmilum increases the mobility of the charge carriers in the channel 
dc» inascs, leading to an increasing channel resistance, and hence a fall in Iq. 

* itu ondly, the barrier potential of the junction has a negative temperature 
i oeifli lent of about ~2.2mV per °C, which results in a rise of Iq with 
lemporaturo. 

Ai lie point where those two effects cancel, the temperature coefficient of Iq 
Imm omos zero, this concept leads to a method of biasing the FET to have a very 
low dull pci lormance 7 
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Figure 15. Effect of temperature on the transconductance curve of a 
typical P-channel FET. 

Data sheets for FET # s sometimes contain graphs or numerical values showing 
how the major parameters vary with temperature, so that account can be 
taken of such variations by the circuit designer. 

The information so far presented is sufficient to establish bias design techniques 
but for purposes of small-signal handling — amplification, for example — the 
various capacitances associated with the FET structure must be considered, 
and an incremental equivalent circuit established. 

2.4 Junction FET capacitances and the equivalent circuit 

Associated with the junction between the gate and the channel of a FET is a 
capacitance whose value and geometrical distribution are functions of the applied 
voltages Vqs and Vqs* because °f complexity of dealing with such a 
distributed capacitance, the simplification is made that two lumped capacitance-, 
Cg S and C g d exist between the gate and the source and drain respectively. (A 
much smaller capacitance Cds also exists between the drain and the source, 
mainly due to the encapsulation components). 

Data sheets quote C gs and Cgd (or other capacitances from which they may hit 
found) for specified operating conditions, and sometimes graphs are included 
which show their variation with Vps, Vqs and lompeieluro (Mbeiwrn an 
estimate of inter electrode capacitance values may In* made by a aiming that 
they vary inversely with the square root ol the Imii* voltage l*ul that the 
temperature variations are very small he< ansa they depend upon the 7 .'mV M i 
change in junction potential dlfferem »» 
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Assuming that the FET is properly biased - that is, the d.c. conditions are met 
by the external circuitry — it becomes possible to construct an incremental 
equivalent circuit, or model, from which the small-signal or a.c. performance may 
be predicted. Such an equivalent circuit is shown in Figure 16, and has been 
built up as follows. 


fgd 



Figure 1 (3. Incremental equivalent circuit for the junction FET. 

Note: Cg S s — Cj ss - Cg S + C gc j 

Coss = Cgd + Cds “ Cgd = C rss 

(Cds is largely the header capacitance and is therefore 

small enough to be ignored for most purposes). 

The equivalent capacitance from the gate to the source, C gs , is shunted by a very 
large input resistance rg S , both of these parameters being characteristic of a 
reverse-biased junction. Similarly, the equivalent capacitance from the gate to 
the drain is shunted by the very large resistance r gc j. (For most normal purposes 
ig S and r gc | may be neglected and the gate impedance of the FET treated as purely 
capacitive). At the drain side of the equivalent circuit the small capacitance Cds 
is shunted by the incremental channel resistance rds- This has been shown to be 
capable of wide variation, depending on bias conditions; but as the equivalent 
circuit is fundamentally relevant to the pinch-off, or saturated condition, rds will 
Imj of the order of megohms. 

The incremental channel current is given by the transconductance gf s multiplied 
by the incremental gate voltage; for the small signal, v gs , this is manifested in the 
equivalent circuit by the current generator gf s v gs . Notice that the conventional 
direction of flow of this current is such that id flows into the FET: that is, in 
the conventional 'positive' direction. 

I bis completes a simple form of equivalent circuit for the junction FET, and 
makes possible the design of circuits around it. The actual values of gf s and rds 
ran be measured as previously mentioned, and it remains only to establish 
methods of determining C gs and C g d- (Cds is rnuch smaller than either and may 
Ixt neglected). 
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Firstly, assume that the FET is in operation and that the drain is connected to 
the source, via a large capacitorthat is, the drain and source are short-circuited 
to a.c. Under these circumstances, a capacitance measurement between the gate 
and the source will give 

Cgss ( or Cj SS ) = Cgs + Cgd ... (2.5) 

Secondly, assume that the gate and source are short-circuited to a.c. in a similar 
manner. A capacitance measurement between the drain and the source will now 
give 

Cdss (° r Coss) % Cgd ... (2.6) 

The alternative symbols Cjss and C oss simply refer to measurements made at the 
input (gate) and the output (drain) respectively. Note that an alternative symbol 
for Cgd is C rss , which refers to the 'reverse' capacitance. 

In data sheets it is normal to quote C gss (=Cj ss ) and C<j ss (=C 0SS ). C rss is often 
quoted in place of C 0 ss because if C(j s < C oss , which is usual, then C rss — C 0 ss- 

Should it be necessary to extract Cg S and C gc j, this can be done quite simply, 
using equations 2.5 and 2.6. 

Cgs = Cjss — Cgd = Cj ss — C rss ... (2.7) 

and Cgcj = C^s ••• (2.8) 

(It should be remembered that all capacitance measurements should be made at 
the same bias levels since the capacitances are functions of applied voltages.) 

To indicate the order of these capacitances, consider the data sheet for the 
Siliconix El02 N-channel FET. Here, they are given as, 

Cj ss (at VdS = 20V and f = 1 MHz) = 8pF (max) 


and 

Crss (at V D s = 20V and f = 1 MHz) = 3pF (max) 

Hence, at a drain-source voltage of 20V and at a frequency of 1 MHz 

Cgs = 8 — 3 = 5pF maximum. Even though this FET is physically symmetrical, 

bias conditions have forced the capacitances C gs and Cgd to be unequal. 


2.5 Characteristics and parameters of the Insulated-Gate FET (MOSFET) 

Chapter 1 indicated the primary difference between the insulated gate and the 
junction FET; this being that the former has no gate-to-channol junction, hut 
has instead a metallic gate insulated from the channel by a very thin layei ol 
(usually) silicon-dioxide. This means that the gate voltage can he allowed to 
swing both positive and negative with respect to the channel, the n.iili ol 
which is best indicated by reference to Figure 1 / I he tiansi ondm lam e 

curves for the four types of MOSFET have lwon dtawn in thee .. 

quadrants, and related to their II I I lecommended t«yniln*1 NiuIh il* a 


,Ml 


with junction FET's, all the transconductance curves are positive. 

The two depletion type MOSFET s can operate in both depletion and 
enhancement modes; that is, the application of a gate voltage of one polarity 
will reduce \q, while that of the opposite polarity will cause it to increase. 
Depletion type MOSFET s are called Type 'B' FET's according to JEDEC 
convention, and junction FET's are called Type A FET s. Obviously the 
latter can only operate in the depletion region, otherwise the junctions would 
become forward-biased. 




I iguro 17. Symbols and transconductance curves for the family of 
insulated-gate FET's. 

I or a depletion MOSFET, the transconductance curve meets the y-axis at 
*1) IDSS* where VqS = 0; just as does the transconductance curve for the 
junction FET. It must be remembered that Iq may be significantly increased 
over l[)SS by reversing the polarity of VqS m the case of the depletion 
MOSFET. Sometimes a parameter Id(ON) is quoted at specified values of 
V ( and VqS as an indication of the ON performance of the device. 
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Actually, ID(ON) is a more appropriate parameter for the pure enhancement 
MOSFET's (or Type 'C' FETS), for, as can be seen from Figures 17 (a) and (c), 
their transconductance curves are shifted along the x-axis so far that IdSS 
becomes very small indeed. In fact, for enhancement MOSFET's, IqSS — 
consisting mainly of body-drain leakage - is quoted as a measure of the OFF 
performance of the device. 

For example, in the case of the Siliconix Ml03 P-channel MOSFET: 

•DSS = —0.2nA (max) at Vqs = -20V; Vqs = O 

The value of Vqs at which the channel just begins to conduct is called the 
threshold voltage, VGS(th), and for the M103 this is: 

VGS(th) = ^ —5V at \q = 10pA; VqS = Vqs; VbS = O 

Here the phrase 'just begins to conduct' means Iq = IOjjA, which is a common 
though somewhat arbitrary interpretation. (NOTE: Because the gate and drain 
voltages for an enhancement MOSFET are of the same polarity, it is reasonable 
to connect the gate to the drain for this measurement, giving VqS = VDS; and to 
connect the substrate or Body to the source, giving Vgs = O). 

The threshold voltage is analogous to Vp for junction FET's and is usually quoted 
only for enhancement MOSFET's. Depletion MOSFET's being normally-ON 
devices, need the application of a voltage to switch them OFF, and the value of 
VQS which is guaranteed by the manufacturer to limit \ q to a very small value 
•DfOFF) is normally quoted. 

At the end of Chapter 1 it was explained how the output characteristics bend 
over as I VqsI rises, ar| d having now defined VGS(th)* if can be seen that the 
locus separating the triode from the pentode!regions must occur where 
Vqs = VgS- That is: 

lVDS(locus)l = IVgsI - IVGS(th)l 

As was also explained in Chapter 1, P-channel enhancement and N-channol 
depletion MOSFET's are common, if only because the natural formation of an 
N-channel at an oxide-silicon interface makes manufacture of the alternative 
two types more difficult. But all four types do exist, and their transconductant e 
curves, when working well into the saturation region, approximate to a square 
law of the form: 

l D =§ [vgs- VGS(lh)]'’ (2.0) 

where ft is the device constant anti in a function of the geomeiiy of (he 
MOSFET: 
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where 


e„ = dielectric constant 

p - mobility (ju n for electrons: for holes) 

L = channel length from source to drain 

W = channel width 

T q - thickness of the gate insulation 


The transconductance may be found by differentiating equation 2.9: 


= K [ VGS_V(3S(th) ] ... ( 2 . 11 ) 

(Comparing equations 2.10 and 2.11 it can be seen that the value of g^ $ is 
proportional to the channel dimensions for a given insulation thickness, i.e.: 



Unfortunately, increasing the channel width to make g^ $ large also increases 
the gate-channel capacitance — and the length can obviously not be reduced 
below a certain practical minimum. This situation epitomises the sort of 
compromise which must always be made in the design of transistor devices. 

Output characteristics for N-channel depletion and P-channel enhancement 
MOSf I T's appeared in Figures 7 and 8. From them the incremental channel 
rc MStance will be seen to vary in much the same manner as for the junction 
III, which means that the MOSFET can also be used as a voltage-controlled 
trustor, or as a low-level switch when operated below pinch-off. 

I ho situation regarding breakdown voltages is quite unique, however. Because 
iho gate-channel insulation presents an extremely high resistance — up to 10 16 
ohms in fact — but is very thin, it is subject to catastrophic breakdown by 
overvoltages. For example, the small gate-channel capacitance can easily be 
( h.itged up to hundreds or even thousands of volts in a dry climate merely by 
Iho friction involved in extracting the MOSFET from its package, and this is 
more than enough to punch a minute hole through the silicon dioxide — so 
destroying the device even before use! 

For this reason many MOSFET's (including the Siliconix Ml03 ) contain 
inlomal protective Zener diodes between gate and source. This technique, 
however, lowers the gate-channel resistance, and lg SS rises to levels typical of 
junction FET's — which may be undesirable if the MOSFET is to be used as 
Iho input stage of an electrometer amplifier, for example. An alternative form 
of protection is to short-circuit all the leads until the device has been soldered 
into place, and this is normally accomplished by a shorting clip fitted by the 
manufacturer prior to despatch. 

In iho absence of a Zener diode the breakdown voltage of the insulating layer 
determines those maximum allowable applied voltages which actually appear 
acioss (his layer. These include BVgsS* BVgdO and BVgSO- Recalling that in 
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the MOSFET source-substrate and drain-substrate PN junctions exist, than a 
further maximum allowed voltage must be specified to take these into account. 

For the enhancement (normally-OFF) MOSFET this is BVqSS at Vbs = 0; that 
is, the drain to source voltage when both gate and substrate (body) are connected 
to the source. For the depletion MOSFET this parameter would be BVqSX at 
Vbs = 0# tor to reduce Id to zero a specified gate voltage would have to be applied. 
Because of the existence of two distinct breakdown mechanisms, both BVq and 
BVd parameters are provided in the relevant data sheets. 

The capacitances associated with MOSFET's can be lumped, and referred to 
an approximate equivalent circuit as can those for the junction FET. A crude 
equivalent circuit would be similar to that of Figure 16 with the deletion of 
fgd an d rg S plus the addition of a pair of diodes connected from the substrate 
to the source and drain respectively. The polarity of the diodes would depend 
upon whether the MOSFET in question were N or P-channel. Discrete 
MOSFET's are not commonly employed in low frequency linear amplification 
applications (except where an extraordinarily high input resistance is demanded) 
because they exhibit much higher noise figures than junction types. Hence 
equivalent circuits of the form of Figure 16 are not particularly useful. 

2.6 Summary 

The leading parameters and characteristics relevant to all six of the family of 
field effect transistors having been presented, they can now be used to 
establish both biasing and small-signal design techniques. Where new paramotois 
are required — such as the matching parameters for dual FET's — they will ho 
introduced in the appropriate sections. 
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Chapter 3 

BIASING AND AUDIO-FREQUENCY AMPLIFICATION 


3.1 Introduction 

I ho field effect transistor being fundamentally a three-terminal device, there are 
throe ways in which it may be connected to form a linear amplifier stage. In two 
of them, the common-source (CS) and common-drain (CD) configurations, the 
(joto is used as the input terminal — which means that at the lower frequencies it 
is possible to exploit the extremely high input resistance presented. As the 
frequency increases, however, the input capacitance becomes dominant, and 
the input reactance becomes progressively smaller. This is particularly so for the 
CS stage, due to the Miller effect described later. But the Miller Effect is very 
small in the common-gate (CG) stage, so this configuration can be used for 
high-frequency work. The input terminal is the source under these conditions, 
so a lower input impedance than would be the case for gate input is presented. 

Before the FET can be used to amplify small signals it must be biased to some 
suitable operating point by circuitry which will achieve the desired result 
ii respective of parameter spreads. That is to say, any FET of the chosen type 
number must work in the circuit; and further, it must do so over the full 
temperature range which the circuit is liable to experience. It is therefore logical 
to consider bias design first. 

3.2 Biasing Circuit Design 

I he most useful characteristic of a small-signal FET in bias design is the trans- 
conductance curve, as its position is fully defined by the data sheet values of 
I DBS and Vp — modified if necessary for the temperature range chosen. 
'Maximum' and 'minimum' transconductance curves for a particular FET (the 
Siliconix El02) were given in Figure 10, page 20, but in the interests of a 
general design procedure encompassing both N and P-channel FET's, a similar 
p.m of curves is drawn in the first quadrant in Figure 18. 

Consider the simple biasing circuit of Figure 19. Here the quiescent, or d.c. 
channel current, Iq, passes through the source resistor Rs to produce a voltage 
diop IqRs. The two resistors R1 and R2 hold the gate at a fixed voltage Vb 
with respect to the common line. Summing voltages around the gate-source-R2 
loop gives: 

VgSQ =i Q r S-Vb ...(3.1) 

I his is the equation to a straight line whose slope is Rs and whose intercept with 
(In* «ik is is Vp. This is called the bias line, and its intersection with the limiting 
1 1 «nr.< ondiu l.mce curves will give the 'maximum' and 'minimum' operating, or 
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Figure 18. The bias-line. 
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Figure 19. Simple biasing circuit. 


quiescent working points P and Q — as shown in Figure 18. 

The change in Iq from the maximum to the minimum unit, AIq, is simply 
•Qfmax) “ iQfmin); which means that the corresponding < luinge in dium 
voltage is RqAIq. This is usually nil important design paiameim .i, no e >*. i avi 
voltage swing in either direction could lend to i lipping of the signal wuv« 1mm 

Similarly the maximum change in quin • mil gun* mm • vm|i i, r i>, 

AV(;:;o V(.... Viisoirnini 
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From the geometry of Figure 18 the values of both Rs and Vg may be 
determined: 6 


avqsq 

R S=AIq 


... (3.2) 


and 


v GSQ(min)lQ(max) — VGSQ(max)lQ(min) 
V B = AIq 


(3.3) 


which is a standard geometrical expression. 

Because the limits of Iq are usually known (being design parameters), it remains 
only to find the limits of VqsQ before equations 3.2 and 3.3 can be used. These 
may be determined simply by re-writing equation 2.1 in the form: 


and 


VGSQ(min) = VP(min) 


VGSQ(max) = Vp( ma x) 


H 


iQ(min) 


iDSS(min) 
/•Q(max) 

” /ll 


... (3.4a) 


MDSS(max) 


... (3.4b) 


A design example 

Suppose that a Siliconix El02 N-channel FET is to be used in the circuit of 
I igure 19 along with an 18V power supply; and that the maximum permissible 
variation in the quiescent source-drain voltage, AVq, is 2V centred around a 
nominal drain voltage of 14V with respect to the common line. 

Because iDSS(min) = 0-9 mA for the E102, a reasonable value for Iq WO uld be 
O.b mA. 

lienee Rn —~_ 18 — 14 _ % kilohms (or 8.2 kilohms to the nearest 

iQ(nom) 0-5 preferred value) 

AVq 2 

I his loads to AIq = = g 2 = 0*24mA 

so I hat Iq may vary between: 

0.24 

iQ(max) “ 0-5 +2 = 0*^2 

0.24 

and iQ(min) = 0-5 — 2 = 0.38 mA 
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Using equations 3.4 and the data sheet values of Vp: 

T E 38* 

VGSQ(min) ~ 0-8 [ 1 — J q g = 0.28V 

lo .62 ' 

VGSQ(max) = 4.0 [l - J = 2.51V 


giving AVGSQ = 2.51 - 0.28 = 2.23V 


Equations 3.2 and 3.3 now give 

AVGSQ 2.23 

Rs= AIq = 0.24 = 9 - 1 kilohms 


and 

(0.28 x 0.62) - (2.51 x 0.38) 

VB =-o^4- =-3.25V 

To obtain a bias voltage of 3.25V, R1 may conveniently be 150 kilohms and R2 
may be 33 kilohms or any other values in the same ratio. 


3.3 Tolerances in bias design 

The two transconductance curves of Figure 18 have taken into account unit-to 
unit tolerances. In order that they should also cope with temperature variations, 
the limiting values of IqSS and V P should be modified according to data sheet 
information. 


The resistors involved are also subject to unit-to-unit tolerances, and to 
temperature variations. If minimum and maximum values are assigned to I Is, 
then the slope of the bias line changes; and the tolerance ranges of R1 and 112 
will cause Vg to shift along the x-axis from a point corresponding to 

VpD-R2(min) 

v B(min) = R1 (max) + R2(max> - (3 - Bo > 

to 


Vpp.R2(max) 

v B(max) = R1 (min) + R2(min) - <3m,) 

The overall result is that there will be an area on the transcoiuluctam 0 graph 
which contains all the possible operating points of the FIT in question I hi* 
situation is illustrated in Figure 20. 


3.4 Bias stability 

The biasing network of Figure I!) is only one ol many pu< .itdo 1 m nil hut 11 1 
one of the most common. Its efficiency in slnluli/ing Hie wml inti 1 •••ml .'Min i 
both unit-to-unit changes and against l«n 11 |h *1 aim«• vaiiaiinu is imnla 11 In ih» 
operating area diagram ol I igme 20 A ligun nl him 11 In mg by la. .. 
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I I gore 20. The quiescent operating area. 

the change in Iq has been reduced below that for an unstabilized stage may be 
determined as follows: 

lo is a function of both temperature T and VqsQ- That is 
IQ = f (T, Vqsq) 

(Ivor a temperature range &T, Iq will change by 6 Iq; 

dlQ _ dlQ 

SlQ= dT 6T+ b VQSQ &VgSQ 
d Iq 

= 6T ST ~ 9fs - h ’Q R S 


giving 


6 Iq (1 + 9fs R S> = 


b IQ 

bT * T 


d^Q 

Nnw 4T = 4 Iq( 0 ), which is the drift in Iq when R$ = O; that is, when 

no I tins stabilization takes place. Hence a figure of merit (or stability factor) can 
be defined: 

Drift in Iq with Rs 6 Iq 1 

1,1 Drift in Iq without Rs ~~ 6 *Q(o) 1 + 9fs^S —(3.6) 

Nntii i* (hat as this is a case of an internal change being reduced by the application 
nl negalive feedback, then (1 + gf s R S) must be the feedback factor for the circuit 
.»i oncept which is often useful in small-signal work. 
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3.5 The common-source stage 

Whereas only biasing components were shown in Figure 19, the circuit in Figure 
21 (a) represents a complete CS small-signal amplifier stage. It has been assumed 
that the signal-source may contain a d.c. path and the coupling capacitor C q 
exists to prevent the shunting of R2, which would otherwise change the value of 
Vg. Also a decoupling capacitor Cs is included to short-circuit Rs to a.c. at the 
signal frequencies of interest. 

Notice that, to the right of Cc, the input resistance 'seen' by the signal is the 
parallel combination R1//R2, which is much smaller than r gs or r gc j. If it is 
desired to exploit the inherent high input resistance properties of the FET, R1 
and R2 can be made small and a high value series gate resistor R3 included — as 
shown in Figure 21 (b). This, incidentally, makes possible a more accurate 
definition of Vb since closer tolerances are more readily available for lower value 
resistances. The input resistance to the right of Cq is now essentially R3 (which 
is still much less than r gs or r gc j). 



Figure 21 a Simple CS circuit 



Figure 21 b CS circuit modified for low It I end !L' eml high N t 


III 


Unfortunately, if R3 is made extremely large, the voltage-drop Ig* R3 (where IG 
is the gate current under the relevant operating conditions), will change the bias 
- being additive with Vb- Although this can be an embarrassment (Iq being 
a marked function of temperature), it may be taken into account in the bias 
design by replacing the limits of Vb with those of Vb + IG-R3 

Figure 22 (a) gives the complete equivalent circuit for the stage, but certain 
simplifications can be made for the purposes of gain and impedance calculations. 
Initially these calculations will be made with reference to the right of the points 
a !>; that is, looking into the FET itself. In all cases r gs and r gc j are omitted, being 
very large. 



t 


I igun* 22 (a) Complete equivalent circuit for CS stage. 



(b) L. F. equivalent circuit simplification. 
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(<:) H. F. equivalent circuit simplification 
(Cjn - C/ss — AyC/ssA 
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(i) At low frequencies, where Cg S and C gc j are unimportant, but where Xc$ is 
still small enough to effectively short-circuit Rs, the simplification 
provided in Figure 22 (b) is valid. (It is also valid for biasing schemes where 
RS is zero). If Rl is the combination of Rq and any external load, then 
the voltage gain is: 

/ r ds^L \ 

Vout Vds ~^ fsV g $ lr ds + Rl J 
A vd-f.) “ Vj n " v gs “ v gs 

and if r^s^ ^L, which is usual, this becomes: 

Av(i.f.)--gfsR[_ ... (3.7) 

The input resistance is, of course, just R3. 

(ii) At higher frequencies, the Miller Effect comes into play, because C gc j 
appears across the amplifier; thus its capacitance is increased to C gc j(1 — A v ). 
This well-known effect is demonstrated in Figure 23, which is self-explanatory. 

The total input capacitance is now: 

Cj n = C gs + C gc j(1 — A v ) ... (3.8a) 

or 

Cm = (^iss ~ C rss ) + Crss(1 — A v ) 

= Qss “ A v .C rss ... (3.8b) 

The equivalent circuit is now as shown in Figure 22 (c). Note that Vgs and 
V gc j refer to small signals which must by definition be sinusoidal because 
reactance calculations are involved. 

The calculation of voltage gain for the circuit is now somewhat more 
complicated, but may be shown to be: 


A v " A v(l.f.) 


and the input impedance is simply the reactance XCj n //R3. 

6 Frequency response of the CS stage 

Referring to Figure 22 (c), if ('(> Cj n (wlm Ii is usual), ihnn the high fri’quniu y 
cut-off point f| |, at which V g ., (and hem n V,p.) i I dll Imluw ii mu-Imum »lm 
occurs when: 


gfs 


Xc 


-1 


gd 


gfs 


Xc, 


qd 


- A v(l.f.) 


... (3.9) 


•111 


Rgll M:» |Xc, n l 


that is 


R g + R3 

f H = 2rrR g R3 Cj n 


... (3.10) 


1‘his argument will be clearly seen if the Norton form of the generator is drawn, 
when R ( ,is obviously in parallel with R3, and both in parallel with Cj n . 

I iguro 23. Demonstration of the 
Miller Effect j 

v in ~ v out = £ fiindt 
or vju (1 - A v j =—fij n dt 
_ 1 _± . 

orv in " C (1 -A v )f'in dt 

which shows that 
Cjn C (1 —Ay). 

I he low frequency cut-off point f[_ is affected by two parts of the CS circuit. 
Referring to Figure 22 (a); 

II |X ( ; S I is much less than the resistance at the source terminal, that is, 

1 

iflXcsK^ - (as will be shown later), 


c 



then near the low frequency cut-off point 


fL occurs when | Xqq! = ( R g + R3) 
I hat is: 


1 

fl -“2 n (Rg+ R3) Cc 


... (3.11a) 


II IXcqK (Rg + R3) near the low frequency cut-off point, 
then f[. occurs when iXcgl = • 

I lore R 1 is the parallel combination of Rs and the output resistance of the stage 
.ii the sourc e terminal. This latter resistance can be shown to be approx. 

1 /Ufs» so that: 1 

f L = 2^R 1 Cs ...(3.11b) 

where 


, Rs/gfs _ Rs 
R = Rs + 1 /gfs ” i + Rsgfs 


... (3.11c) 


II the input and source time-constants are similar, both will affect the position of 
l| , and the low-frequency roll-off will tend to 12 dB per octave rather than the 
1 1 dll per octave which is characteristic of a single time-constant slope. 
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igure 24. Practical CS stage showing 100ka signal-source in use. 


A design example (continued) 

Figure 24 shows the circuit of a CS stage based on the bias design carried out in 
Section 3.2. Using equation 3.7, the small-signal voltage gain may be determined: 

A v (l.f.) - 9fs R L = -10 -3 x 8.2 x 10 3 = -8.2 

To obtain a quick approximate solution gf s has been interpreted as gfso(min)- 
Strictly speaking, gain limits should have been calculated by first obtaining 
gfs(max) and gfs(min) from equation 2.4, page 18 , using the previously calculated 
values of VGSQ(min) and v GSQ(max)- This quick calculation does, however, give 
the approximate gain to be expected, and an actual circuit using an arbitrary I 107 
exhibited a gain of —8.5. 

From the data sheet 'maximum' values of Cj ss and C rss may be inserted into 
* equations 3.8b, giving the 'worst case' value of Cj n : 

Cj n = Cjss — = 8 + (8.2 x 3) = 32.6 pF 

This value may be inserted into equation 3.4 to give the lowest value expcu led fm 
the high-frequency cut-off point: 

Rg + R3 (10 s + 10 6 ) 10 12 
^H(min) = 2„R g R3 Cj n 2ir(10 5 x 10 6 )32.6 63,7 k,l/ 

(a measured value of f|-| was 72 kHz) 

Using a values of Cq and Cs shown, fL is less than 10 11/. 

}.7 The source-follower (or CD) stage 

Figure 25 shows the CD configuration, less the gate bins c omponenls I hi • will 
bo similar to those for the CS mode. The source resistoi is mow unhyp • • .1 
meaning that degeneration or series signal feedback oi* ms 

*NQT! Ctipncnnnco whirs am oh aim I (hit a Shtmt maxim*i undm tldtrn /. . • mm •>*< 

(In iso tpmhfiml, homy Invmtmly pmpui Uotml to dm th tuns volhim' 


Figure 25. The source-follower 
(CD) stage. 
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I he voltage gain may be found very simply for low frequencies: 

v out id ^ F 9fs v gsRF 9fsRF 

A v(l.f.)- Vjn “ v gs +i d RF " v gs +gf s Vg S RF _ 1+gf s RF 

... (3.12) 

Notice that there is no phase reversal implied by this expression; and that if 
g|.,H| *1, it approximates to unity gain. 

I he input impedance of the CD stage will remain large at much higher frequencies 
than lot the CS stage because the input capacitance is not augmented by the 
Millei I fleet. A simple analysis of the equivalent circuit will show that: 

Cjn = Cgd + Cg S (1 — A v ) = C rss A v + Cj^ (1 — A v ) 
din h is veiy small because A v is positive and slightly less than unity. 

I lie u.ilysis also shows that the output conductance at low frequencies is: 

JL JL 

Oout “ r f + rds + 9 fs 


vhit h Ini normal numerical values reduces to>: 
Gout 9fs* or Rout 


9fs 


... (3.13) 


II** nusii tins ( an he (juite a low value, the CD stage may be used as a highly 
el lei live impedance changer, or buffer stage. It should be borne in mind 
I" < ri that an offset voltage Vqs exists between input and output, so that in 
• » when* a d c buffer with equal input and output potentials is required, it will 
i! I* In* im i .aiy to incorporate a level-shifting stage. 


i n I lie I higeuoiatn CS stage 

In l igut* 1 2t i pail ol the source resistor Rs has been left un by passed, which 
• M. am that the Mage will behave in part like a CS stage with an output signal 
i i ’filing at lliediain, and in patl like a Cl) stage, with an output appearing at 
th" Mum a 
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Figure 26. The degenerate CS 
stage. 



From gate to drain the voltage gain is: 

-id R D -sd R D R F 

A v (CS) = vjn = vjn R F -(3.14) 

Now the signal developed across Rp is id R F^ which is by definition the input 
signal multiplied by the CD voltage gain. Using equation 3.12 this is: 

vin9fs R F 

'd R F - i +gfs R F ...(3.15) 

This expression may be inserted into equation 3.14 to give: 

-9fs R D 

A V (CS) = i + gfs Rp ...(3.16) 

If gfs R F^1 (which is not necessarily true): 
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A V (CS)-- R p 

Note the resemblance between equations 3.16 and 3.6. Thin in because in bolh 
cases the denominator is the feedback factor for tho circuit. II Al I of Itj; in loll 
unbypassed, then Rp * Rs and tho n - c - feedback faelm in I ho same an the d » 
feedback factor. 

The degenerate CS stage provides a mote slabln, alheil lowei gain, Ilian dues 11 it 
simple CS stage, purticulaily when g|., is nnllii lenlly high In allow iM|Uaiinn l Id 
to reduce to R[)/R| . ll m nlfto usoliil an a phase 'gilllllnu lage fen II M| l(|i 


ni 
r_ i 

r p 
nr 

n i 

r :|i 
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outputs equal in magnitude and opposite in phase will appear at the source and 
drain respectively. 


3.9 Bootstrapping 

An extremely useful self-biasing modification of the source-follower is shown in 

I igure 2/. This is a 'bootstrapped' circuit, wherein positive feedback is applied to 

II I no increasing its apparent value. The bias voltage for the stage is provided 
by the voltage drop across Rp^. That is: 

VGSQ = <Q r F1 


winch i:<in l>o inserted into equation 2.1, page 18 , to give: 


IQ = IDSS 


1 - 


'Q r F1 

Vr 


I lie value of Rpi which will result in the required value of Iq may be extracted 
ll<>ni this equation: 


Vr 




i li mi ly the limits of Vp and IqSS ma Y be easily inserted to give a fully toleranced 
bias design. 


I iguie 27. 



I he input resistance may be found by writing a simple expression for the small- 
signal input current: 

vjn ~'d R F2 _ v in ~ 9fs v gs R F2 
'•n R3 R3 

and inserting an equally obvious expression for v gs : 

vgs = vj n - id (Rfi + R F2> = vj n - gfs^gs ( R F1 + R F2> 
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After a little manipulation this leads to: 

] +9fs(RF1 + ftF2> 

i +gfsRFi 

Notice that if Rf 2 = 0 (that is, R3 goes to ground), Rj n = R3; and if Rpi = 0 
(that is, R3 goes to the source terminal), 

R3 

Rj n = R3 (1 + gf s R F2) = i a because from equation 3.12: 

gfsRF 

Av(CD) = 1 +g fs Rp 

and in this case Rf = Rf2 . Note that this connection is impossible for obvious 
biasing reasons; if an alternative bias system is used, however, a bootstrapping 
capacitor may be connected to the source. 

3.10 Choice of operating point 

The nominal position chosen for the operating or quiescent point on the trans- 
conductance curve depends upon the specification for which the amplifier stage 
is to be designed. As has already been pointed out, the amplitude of the output 
signal will determine the quiescent voltage appearing at the output point — that 
is, the drain in the case of the CS stage. Knowing the power supply voltage, and 
the maximum quiescent voltages which can appear across the resistor and channel 
respectively, it is easy to determine the nominal voltage drop across Rq, and also 
the amount by which it may be allowed to vary. This drop, Vrq, being usually 
defined by the specifications for the stage, may be treated thereafter as a 
constant; and the next design problem becomes the determination of Iq. Clearly, 
for constant Vr d (= IqRq), Iq will vary inversely with Rq. 

If low distortion is required, it is logical to operate on the least curved part of iho 
transconductance curve; that is, where Iq approaches IpsS* Care must be token 



Figure 28. 



d(i 



to ensure that neither temperature variations in Iq, nor signal excursions, can 
take the operating point too dose to IdSS* or signal clipping will occur. 

Conversely, if a high voltage gain is required and distortion is not of prime interest 
then the operating point should be moved down the curve to the region where Vqs 
approaches Vp, as shown in Figure 28. That operation in this region should result 
in high voltage gain is not obvious at first sight, for the value of gf s is low, and 
rises to a maximum gf so , at Iq = IqSS* If equation 3.7, page 40, is examined 
(i.o. A v gf s RQ), it is dear that A v varies with both gf s and Rq. Now Rq is an 
inverse function of Iq (that is, Rq = Vrq/Iq); whereas gf s is given by equation 
2.2, page 18 , Putting these facts together, the voltage gain can be written: 

2IDSS [ VGSQ 

Vp l 1 ~ Vp 

'Q ~ r VGSO ] 2 

1 DSS [1 - v P J 




or 

-2VRp 

Av Vp - VGSQ 


... (3.17) 


Although this equation, being an approximation, breaks down when VQSQ^Vp, 
it nevertheless indicates that maximal voltage gain occurs in this region. It also 
shows that at the opposite extreme, where VqsQ"*0 , the minimal voltage gain 
is given by: 

& _ 2 v Rd 

Av(min) - ~ ... (3.18) 

between the two extremes — representing low distortion and high gain conditions 
lies the minimal d.c. (or Iq) drift point. Here the transconductance curves for 
different temperatures coalesce. Unfortunately they do not meet at a single point, 
otherwise a bias line passing through that point would represent a condition of 
zero Iq drift. It is possible to achieve minimal drift by biasing in this region, but 
as each FET has a unique set of transconductance characteristics, individual 
adjustment must be made to the circuitry relevant to each unit. 

If Vp and IdSS are known for a given unit, then the approximate position of the 
operating point may be calculated from: 7 

IVGSQ(Z)I — IVpl — K ...(3.19) 

K being approximately 
0.63 for P-channel 
0.9 for N-channel 

Where individual trimming of Rs is acceptable, it is quite possible to achieve 
voltage drifts at the output of a source-follower of less than IOO^jV over the 
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temperature range 0 - 100°C. This procedure is, however, seldom suitable for 
production purposes. 

Much improved drift figures may be obtained by the use of matched pairs of 
FET's, and these will be considered in Chapter 4, Section 4.5. 

Having determined the general operating region for a device in the light of design 
specifications, it may be useful to know by how much the signal will be distorted 
during its passage through the stage: and also how much noise is likely to be 
added. 

3.11 Distortion 

As the transconductance curve approximates to a square-law, any incoming 
sinusoidal signal will give rise to harmonics. For a perfect square-law the highest 
harmonic would be the second, but for a real FET higher but much smaller 
harmonics will also exist. To determine the magnitude of the zero frequency, 
fundamental and second harmonics, however, it is necessary only to use the 
square-law and insert the total value of the input voltage and the output current: 

r vgs i 2 

iD = 'DSS [l - J ...(3.20) 

Here the quiescent value plus a single sinusoidal signal may be combined so that: 
VGS = VGSQ + Vsinut 

By inserting this expression into equation 3.20, expanding, and extracting tho 
various components, it may be shown that the harmonic distortion factor D||, 
defined as follows, is: 8 

r.m.s. value of second harmonic ^ V 

-- = Du =- 

r.m.s. value of fundamental 4(VGSQ — Vp) 

where V is the peak amplitude of the signal ... (3.21) 

Notice that this equation confirms the common-sense observation of Section 3 10 
- that for minimum distortion VqsQ should approach zero. It also shows tluil 
distortion increases with signal amplitude, which is reasonable, because a large 
signal will obviously cause working point excursions over more of tho Irons* on 
ductance curve than will a small signal. 

In general the amplification of a single frequency is a rare requirement; the* input 
signal more often consists of a complex waveform. This means that inlormodul 
ation distortion will also occur, and this can be most easily (lemonstrnto*l by 
postulating that two sinusoids are to be concurrently amplified 

That is 

VGS = VGSQ 1 VAsintoAi 1 VQIlncj|jl 

The output current will contain both sum and ihlleienn* iumpmii oi • Him i - 
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sinusoids, and an int ermodulation distortion factor D| may be defined, and its 
value extracted: 


r. m.s. value of intermodulation components 
r.m.s. value of fundamental 

VaVB _ 

" /2(VgSQ — Vp) (Va 2 + Vb 2 )’ /j 


= D| 

... (3.22) 


I litre again tho distortion is seen to be minimized by biasing near VGSQ = °* 

I let curvaturo of the transconductance characteristic is not the only cause of 
distortion, n though it is the most important. Also involved are changes in the 
output conductance g 0 s with working point, and with VqS- However, to some 
extent changes in gfs and gos work in opposition, and there is in fact a minimum 
distortion region defined from this point of view. 

As the application of feedback to a stage reduces internally generated distortion, 
both I>| | and D| should be susceptible to improvement. This is in fact so, and in 
the general case they are divided by the value of the feedback factor for any given 
dr* nil. For example, in the simple case of series feedback, where a part Rp of 
the source resistor is left unbypassed (Figure 26), the two factors become: 


Dh 4(VgSQ - Vp) (1 + 9fs Rf) 


and 


D| 


VaVb 


i/2(VGSQ - Vp) (Va 2 + VB 2 )* (1 + gfsRF) 


In general feedback reduces not only the harmonic and intermodulation distortion, 
hul also the internally generated noise (see the next Section). But the gain of the 
system is also reduced by the same amount, though the bandwidth is increased. 

I his means that a given amplifier is not improved overall by the employment of 
feedback, but that if a much higher-gain amplifier is designed, and the gain is then 
ieduced by the addition of feedback, this will constitute a system which exhibits 
lower distortion and noise than would an amplifier designed for the required gain 
wilhout feedback. 


I 1 / NoIm in FET stages 

When a signal is applied to the input of an amplifier, it is inevitably accompanied 
by some noise, the amount of which is defined by the input signal-to-noise ratio. 
Alin amplification, the signal will be associated with a larger proportion of noise 
< ontributed by noisy elements within the amplifier itself. Thus the output 
nlgnal/noise ratio will be smaller than the input S/N ratio. The two ratios may 
Im* i ompared to define a noise factor, NF: 
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Input signal power/input noise power p S(in)/ p N(in) 

“ Output signal power/output noise power “ Ps(out)^^(out) 

... (3.25) 

Because both input signal power and input noise power are dissipated within the 
same resistance Rq; and the output signal power and output noise power are 
dissipated within the same resistance R|_, the power ratios may be replaced by 
voltage-squared ratios. Although mean values of the noise components are zero, 
the mean square values exist, so that it becomes convenient to write the complete 
expression in terms of mean squares: 

V S (in) /v N (in) 

NF=— — ...(3.26) 

V S (out) /v N (out) 

where 

V S (in) 

3 

V S (out) 

(in) 

V N (out) 
but 

V S (out) 

V S (in) 

so that equation 3.26 becomes: 

V N (out) 

NF =-—- ...(3.27) 

A 2 w 2 

A v' v N (in) 

In this expression two mean-square noise voltages appear, and these may he 
interpreted: 

2 

(a) vjsg jj n j is the Johnson noise which arises in the resistance H(; and is applied 
to the input terminal. This is given by the well-known Nyquist eqnnllon 

V N(in) = 4 k T R G Af UW 


= mean square value of input signal voltage 
= mean square value of output signal voltage 
= mean square value of input noise voltage 
= mean square value of output noise voltage 

o 

= A*, the voltage gain 
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where 

k = Boltzmann's Constant 
T = temperature in °K 

Af = bandwidth over which the noise is measured. 

(b) The noise at the output is the sum of the amplified Johnson noise at the 
input plus the noise arising within the amplifier, v N : 

^(out) = A v 4kTR G Af+V N - (3 ' 29) 

pul tn m) equations 3.28 and 3.29 into equation 3.27, the noise factor becomes. 


NF 


V N 

1 + — 

\ v N(in) 


1 + 


N 


... (3.30) 


4 A^ k T Rq Af 


I hn only unknown in this expression is vn, the noise generated within the 
amplifier. Several phenonema contribute to vjsj, making it a frequency dependent 
quantity as will be seen later. 


I |(juro 21). Noise voltage and 
current generator 
representation. 



One of the most common methods of describing v[\j, is by the use of equivalent 
noise voltage and current generators. Figure 29 shows a hypothetical noiseless 
amplifier preceded by noise generators v^ and in* If 3 resistance Rq is present 
at the input to the amplifier then: 

VN = A v (v n + in-^G) ••• (3.31) 

because normally RG^in f° r a amplifier. 

I hose are all instantaneous quantities, and as mean-square values are being 
considered, equation 3.31 must be re-written: 

V N = A v (v " + 'n- R G> 2 = A v (v n + 'n R G + 2v in'in R G) 
or 
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Now 


v n'n " 




... (3.33) 


where ^ is the correlation coefficient which is a measure of the degree of 
correlation, or mutual dependence between the two noise functions. Equation 
3.33 does in fact define $ in this context: 




v n‘n 



... (3.34) 


This definition is a special case (relevant to functions whose mean values are 
separately zero) of a more statistical definition. It simply says that for complete 
correlation (= 1) the mean of the product v n i n is identical to the product of 
the two r.m.s. values; whereas for no correlation ( $ = 0) the mean of the product 
would be zero. 

Putting equation 3.33 into equation 3.32 gives: 

»N - [«I + ^ R fl * 2 X * Ro] - 13 35! 

Returning to equation 3.30, the noise factor now becomes: 


NF = 1 


+ 



4 k T Rq Af 


j n R G 
+ 4 k T Af 


2 * < v n ft* 

+ 4 k T Af 


... (3.36) 


In this expression, the bandwidth over which each noise generator is measured 
could reasonably be incorporated into the measurement itself, giving v2/Hz and 
i2/Hz. If a true r.m.s. instrument were used, the directly measured voltage and 
current could be divided by JEf to give units of voltage-per-root-Hertz and 
current-per-root-Hertz, or in practical terms, nV//Hz and pA//Hz. 

These are units in which the noise generator values are normally quoted, but 
because >/v2 //iTz and /I 2 //Hz are cumbersome symbols, e n and i n are 
normally substituted. The units are also given which negate this ambiguity. 
Using e n and i n in this context, the noise factor of equation 3.36 becomes: 


NF = 1 + 


r e 2 

e n 


4kT 


l *?2 


r g + Rg + 2 8 e n i n 


... (3.37) 


In the case of FET's the correlation coefficient can be taken as mm al audio 
frequencies and lower, for i n represents the reverse gate rurienl sbol nniv and 


b2 


ci 

rj*i 

r: i 

r i 

r; i 

rji 

r i 
r i 
r i 

[ i 
f H 


e n the channel resistance Johnson noise plus the 1/f noise. Hence equation 
3.37 simplifies to: 


NF - 1 + 


"2 .f2 R 2 
e n + n R G 

4 k t Rg 


... (3.38) 


I ho relative magnitudes of en and i n are such that if RqOO megohm, then 
"ipR^Op, so that: 

nf-i + TTtr£ - (3 - 39) 

I ho noise factor NF is usually expressed in decibels, so that, being a power ratio, 
the resultant noise figure is: 

Noise Figure (dB) = 10 logio NF ... (3.40) 

I.. „ practical point-of-view, a stage with a noise figure quoted at 3dB (for 

oxnmplo), would simply mean that the S/N ratio at the input was twice as great 
as that at the ouput. 

I ho disadvantage of the noise figure (or noise factor) is_that it relates only to an 
amplifier having a given value of Rg- Conversely, the e n ,i n characterization is 
mdopondont of Rg. and relates solely to the FET itself. Figure 30 gives a graphical 
iiilalionsliip between e n , noise figure and Rg- It has been calculated assuming 
lli.il is zero, and should not be treated as an exact representation of the 
ii!liiviint relationships. 
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ipm n in Noise Figure - noise voltage conversion chart. 
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If equation 3.38 is differentiated and equated to zero in order to determine the 
condition for minimum noise figure, it will be found that the resulting optimum 
value of Rq is: 

e n 

RG(NFmin)=r” ...(3.41) 

'n 


Notice that this does not implyminimal noise at the output, but only minimal 
noise figure — that is, minimum degradation of the signal in its passage through 
the amplifier. 



Figure 31. Variation of e n and T n with frequency for a typical FET. 


Figure 31 shows how e n and i n vary for a typical FET. The rise in e n as the 
frequency is reduced is due to flicker, or 1/f noise. This is a little understood 
surface effect common to both FET's and bipolar transistors. FET's, however, 
usually exhibit lower flicker noise than do bipolars, and the relevant character¬ 
istic begins to be important at about 100 Hz for the former compared with 1 kl 1/ 
for the latter. 9 

Equation 3.41 implies that if Rq is much lower than e n /i n , then the noise figure 
is liable to be high. For FET's, Rg(NF) min ,s invariably very large, so that if 
Rq is much less than 1 megohm, the possibility of using a bipolar transistor 
should be investigated. When a modern low-level planar bipolar transistor is run 
at a collector current of only a few micro-amps, it exhibits an input resistance of 
several megohms. It also has noise generator values which result in e n /i n ratios 
making for a minimal noise figure when R q is several thousand ohms. There is 
consequently no point in using a FET input stage under these circumstancos; the 
FET comes into its own when very high values of Rq are mandatory. (Usually 
Rq is a fixed design parameter, and it must bo remembered that to incroaso its 


1>4 


value artificially to obtain a low NF is futile, because the noise generated by Rq 
itself is amplified and appears at the output. Hence the absolute value of noise 
will inevitably be greater if Rq is increased.) 

Unlike the bipolar transistor, the noise generator within a FET is not a marked 
function of operating conditions. The only useful criterion is that a high gf s 
(implying operation near IdSS> makes for a low value of e n . 

The application of feedback reduces internally generated noise by the same amount 
(hat the gain is reduced. In other words, feedback cannot improve the signal-to- 
noiso ratio. It may, in fact, become worse, as the bandwidth improvement may 
allow a wider noise spectrum to appear, and the feedback resistors themselves 
will contribute to the total noise. 

I he designer is therefore virtually limited to choosing the correct device for his 
particular low-noise application, and here the manufacturer can be of consider¬ 
able assistance. For example, the manufacturer can specify the correct device 
for given circuit conditions, and can take into account the maximum allowable 
value of e n , especially in cases where the correct device is not immediately 
apparent from printed data information. Further, in particularly exacting cases, 
the manufacturer can supply trial samples with recorded noise data, enabling 
the designer to empirically determine the highest value of e n acceptable in his 
circuit. 

3.13 MOSFET's in amplifier stages 

MOSFET's tend to exhibit much higher noise figures than junction FET's, and so 
are rarely used (in discrete form) as linear amplifiers. There are a few exceptions 
to this rule, such as their usage in high-grade electrometer amplifiers, where 
extremely high input resistances are required. 



I iguro 32. (a) Self-biased enhancement MOSFET stage. 

Another application is where circuit simplicity and economy of components is 
important to the design. Figure 32 (a) shows that when the gate and drain of an 
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enhancement MOSFET are biased in the same polarity, it is necessary only to take 
the gate to the drain to achieve bias stability. (The a.c. signal must, of course, be 
decoupled). The relevant output characteristics are shown in Figure 32 (b), along 
with the locus of the working point — simply given by VqsQ = Vq. Figure 32 (c) 
shows the simplicity of a cascade of enhancement MOSFET's, and indicates how 
a feedback loop may be used for bias stabilization purposes. 



Figure 32. (b) Output characteristics and working point for 
self-biased enhancement MOSFET. 



Figure 32. (c) Three-stage MOSFET amplifier with overall foedbm A 

biasing 


Where an incoming signal fluctuates around ground poiitnllnl, II may bn • mhuiimIhiii 
to use a depletion MOSFET as the input device As wen »,lmwn In I igoi. I (h) 
and (d), the quiescent drain current will Im held el l< j lnv.undni (h* •• 
circumstances. 
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Summa ry 

I hu foregoing forms the basis upon which to design simple FET amplifier stages 
from both the biasing and amplification aspects. Usually bipolar transistor stages 
follow a FET input stage because they are capable of higher voltage gains. The 
III, however, is invaluable in that it provides a high input impedance and 
( on tributes very little noise if correctly selected, and if the circuit is properly 
designed. 
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Chapter 4 


VOLTAGE-CONTROLLED RESISTORS, CURRENT-LIMITERS AND 
D.C. AMPLIFIERS 


4.1 The voltage-controlled resistor (VCR) 

Under the correct operating conditions the channel of a FET behaves as an 
almost pure ohmic resistor whose value is a function of the gate voltage VgS- 
This unique property can be deduced from Figure 12(a), page 22, where the output 
characteristics, very near the origin, of a Siliconix 2N2609 P-channel FET are 
reproduced. Here, the curves all pass through the origin, near which they become 
almost straight lines so that the incremental value of channel resistance r^j is 
essentially the same as the d.c. or chord resistance ros. and this is a function only 
of VqS- 


r i 

r 'i 

r n 

ui 

r: i*i 


Figure 12 (a) also shows that for very small excursions of Vqs, the device can be 
considered fully bi-lateral; that is, the drain voltage can swing positive or negative 
with respect to the source^ 0 . This is because the junction can be very slightly 
forward-biased before any significant gate current flows. 

Assuming that the FET is operated very near the origin, then using small-signal 
measuring techniques, plots of channel resistance versus gate voltage can bo 
made , as illustrated in Figure 12 (b). The lowest resistance presented by a 


Figure 33. 


Vp and rd s ( on j spreads 
for a range of P-channel 
(top) and N-channel 
(bottom) VCR's. 
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channel, rds(on)* (which may also be written roS(on) or Ro)» occurs when 
VqS = 0; its value is therefore dictated by the geometry of the device, For 
example, a wide channel will exhibit a low rDS( on ) and also a high IdSS/ which 
may bo interpreted to mean that a high IqSS device should be chosen for those 
applications whore a low ros(on) » s required. Approximately, rDS(on) ' s given by 
1 

— , so that the data sheet value of gf so may be used to make a crude determin¬ 
ation of this parameter even though it may not be given explicitly. 

A iangn of I I I s designed specifically for use as voltage-controlled-resistors is 
ihn Siliconix VCR group. This includes both P and N-channel units having values 
of tOS(on) from 60 ohms (max) to 4000 ohms (min), the relevant spreads being 
given in Figure33. A typical curve showing the variation in rd s as a function of 
V(for one of this series appears in Figure 34 below. 


I Igum 34. Variation in rtfs as a 
function of Vqs for a 
Siliconix VCR6P 
/’ channel VCR device. 



I mm Figure 12 (b), page 23, and Figure 34 above, it will be seen that over a 
ialign of about one decade above rDS(on)# the rise in r^ is very nearly 
exponential (the characteristic being almost a straight line and the y-axis being 
logarithmic). Above this, however, the rise in r^s becomes very rapid, and for 
most VCR purposes, unusable. The law relevant to the exponential region is, 
approximately, 

rDS = fDS(on) e ^ v 9 s ...(4.1) 

whom X is a constant which depends largely on the pinch-off voltage of the 
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relevant device. (An empirical rule of thumb is that typical FET's follow the 
approximation: 

Vgs 

9os ** 9 1 os H “ \/p ) 

where g 1 os is defined at V gs = 0 . This approximation is valid up to about 
V gs = 0.6V P .). 

Within the range rDS(on)<rDS<10rDS(on) is reasonable to match devices, 
producing dual VCRs, or even quads; but above this region matching becomes 
nearly impossible. 

The channel resistance of the VCR is, like that of all FET's, temperature 
dependent, and this is due to two effects: the decrease in carrier mobility with 
temperature tends to increase rps, and the fall in the gate-channel contact 
potential tends to decrease it. Consequently, the channel resistance (like the 
channel current) passes through a zero temperature coefficient point at some 
value of Vqs, as is clearly demonstrated in Figure 35. The temperature 
coefficient of rDS(on) is about 0.7% per °C. for P-channel devices (of which the 
VCR6P of Figure 35 is an example) and about 0.5% per °C. for high-Vp N-channel 



gu re 35. Temperature dependence of r c / s . 


1.(1 


units. The FET geometry most suitable for VCR applications is that involving a 
long gate, since these types usually follow theoretical predictions more closely. 
The VCR6P and VCR10N - 13N, are long gate FET's. If uniformity of device 
characteristics is required these types should be specified. It is this uniformity 
that enables the manufacturer to offer matched pairs and quads, of which the 
VCR 11N -13N are examples. 

11 should bo borne in mind that a long gate structure also leads to increased inter- 
nloctrodo capacitances, thereby reducing the bandwidth of the device. 

4.7 Applications of the VCR 

I ho simplest way a VCR may be used is shown in Figure 36 (a), where a voltage 
divider attenuator is shown wherein the output voltage is: 

v in r DS 

v out = r + r D s - (4-2) 

It is assumed here that v 0 ut is not so ,ar 9 e as to take the VCR out of the linear 
resistance region. It is also assumed that there is no load shunting rpS- 

I lie lowest value which v Q ut can assume is obviously: 

_ v in r DS(on) 

vout(min) = r + r D S(on) - (43> 

while the highest is: 

v out(max) = v in 
for i ds con be extremely large. 



I hpiMt Kin Simple VCR attenuator 


-o 


v out 


O 


I hjiite III nl*.o includes some other simple configurations. Diagram (b) shows two 
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cascaded attenuator stages, while diagrams (c) and (d) indicate how phase advance 
and retard circuits may be implemented. Figure 36 (e) shows a P-channel VCR 
used as a variable load for a photo-multiplier. This application has been chosen 


o-* 
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AV- 
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^ v out 


21 

Vgs 

2 



Figure 36b. Cascaded VCR attenuator 



Figure 36c VCR phase advance circuit 




Figure36d VCR phase retard circui t 


i. ' 


F i gure 36e VCR photomultiplier load 


because the low anode current of a photo-multiplier (usually 1 microamp or less 
if fatigue effects are to be avoided) implies that the VCR will always work in the 
linear region near the origin. Clearly, it may be also used an an 'active' load for 
any oilier device, including bipolar or field effect transistors, but if the relevant 
currents and voltage drops are high level, the VCR operating point may move out 
of the linear region, and distortion will result. Figure 36 (f) is a useful gain 
control circuit, provided that this latter limitation is kept in mind when such a 
singe is designed. 



I igtue Mil VCR (join control 


4 I I lie current-limiter (CL) 

1 9 

A I I I used as a current generator must be operated well into the saturation 
oi pinch-off region (which is the converse of the case for the VCR). Figures 4 
and !>, pages 9-10, showed that in this region the incremental channel resistance 
presented is very high, and that the direct current flowing is dependent 
predominantly upon Vqs* Therefore, at low frequencies where the interelectrode 


I iijuip 1/ / (/uivalent circuit of 

RUT used as a current 
source. 
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capacitances are unimportant, the equivalent circuit is as shown in Figure 37, 
where Id is given by the usual square-law equation: 

r vgsI 2 
'd = Idss [! - vp J 


The incremental channel resistance r^s is large, so that the device approximates 
to a Vqs — dependent current generator. 

If the gate is connected to the common line, as shown in Figure 38, the device 
becomes an independent current generator, and because 


VGS = 'dRs. 

then, 

r 'drs i 2 

'D = lDSS [1 - Vp J 

giving 



When Rs = 0, then Iq = IDSS* which is the largest current which can pass. 


Figure 38 Constant-current 
connection 



A two-terminal current-limiter consists of a FET having an internal resiidoi lh l( 
which may be fabricated on the same chip. Conversely, Rs may bo omilled 
altogether, when the gate is connected directly to the source. A serins of mu h 
devices is the Siliconix CL2210 to CL4720 range, and Figure 30 shows how 
temperature affects the nominal current for each device in this range I hn 
temperature coefficient varies from a positive to a negative value depending mi 
the nominal current, and for some devices is very small indeed I Inn is minlln i 
manifestation of the fact that temperature variations in channel rnndui livliy 
and junction potential work in opposition insofar us l|) is cone aimed, wilh the 
result that near-cancellation is achieved by ceilain devil es working iimlm Ihn 
correct conditions. 
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I ii|uie 'M) Temperature variation of Ip for a range of curren t limiters . 


11 is self-evident that the drain-source voltage of the device must exceed pinch- 
ofl voltage in order that it should work in the saturation region, i.e. I VqsI>I Vp|. 
In the case of the CL, the relevant pinch-off voltage is called the limiting voltage, 
V| , and this is a function of the geometry of the device. Normally, V|_ is given 
in the data sheets, and the circuit designer must always establish that the CL is 
never required to work at a voltage lower than this value. 

'I 4 Applications of the current limiter 

I he most obvious applications of a constant-current device are in timing and 
linearizing circuits. Figure 40 shows a typical Unijunction transistor timing 
i n< ml, where the capacitor C is charged linearly via a CL. The output pulses will 
he spaced by a time t, where 

CV 

t= ICL 

wheir V is the voltage at which the Unijunction transistor fires. 
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Figure 40 Sawtooth wave generator using a CL. ForC= 004pF f and 
using a Si/iconix CL4710, p.r.f'. is about 1 kHz. 

Because the capacitor charges linearly, a saw-tooth waveform appears across it, 
and this waveform may be extracted by using a (very high input resistance) FET 
buffer stage as shown. If it is desired that the repetition frequency of the circuit 
should be variable, then either the value of C, or the constant current Iql, must 
be adjustable. Normally, it is convenient only to switch in fixed capacitances, 
but Iql can be made continuously variable by using not a two-terminal CL, 
but by connecting a FET as in Figure 38 with Rg a variable resistor. 

The two-terminal CL is more appropriate where the existence of a large, but 
finite, internal resistance r^s is advantageous. Figure 41 (a) shows how a Cl may 
be connected as a drain load, but Figure 41 (b) demonstrates that such a conned 
ion is not very stable insofar as biasing is concerned. This is because the channel 
characteristics of the amplifier device and the CL cross at a small angle, so that 
temperature variations can easily move the working point out of the saturation 
region of either the amplifier device or the CL. However, if temperature) 


Figure 41a The CL as an 'active' 
drain load. 
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vnunlions are liable to be small, the voltage gain of such a combination is very 
high, because, for a FET 

A\/ ~ “Qfs-^L = —9fs- r ds(CL) 

I Im use of a CL as the load of an emitter (or a source-follower) is much more 
MMsonablo from a biasing point-of-view, (Figure 42), and a logical extension of 
this application is the replacement of the common resistor of a difference 
amplifier, or a long-tailed pair, as shown in Figure 46, page 71 . Here, because 
r,|s for the CL is very large, the common-mode rejection properties of the pair 
am rendered very good indeed. This is the fundamental configuration used in 
ih amplifiers, which form the subject matter of the next section. 



i t piM I * ihtf CL. as an 'active' source or emitter load. 
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In point of fact, difference amplifiers are often used as voltage comparators (in 
stabilized power supply circuits for example) where one input is derived from a 
Zener diode. In cases where a voltage smaller than three volts is desired; or where 
a low noise voltage source is mandatory, the Zener diode may be conveniently 
replaced by a CL/resistor combination as shown in Figure 43. Here, the 
reference voltage appears across the resistor and has a value lci_R- The noise 
generators involved are the thermal noise of the resistor in parallel with the 
thermal noise of the current-limiter channel. This combination is usually some 
orders of magnitude lower than the noise associated with a Zener diode. 


Figure 43 


CL/resistor combination 
replacing Zener diode. 



4.5 The D.C. Amplifier 

The fundamental problem involved in the amplification of very slowly fluctuating 
(or "d.c.") signals is that the inherent drift of the amplifier with changes in 
temperature, or with the passage of time, can often be of the same order of 
magnitude as the input signal itself. In the case of a bipolar transistor, for example, 
changes in IcBO' VbE anc * ^FE with tem P erature a, l conspire to alter the 
collector current in the same sense. The channel current in a FET, however, is 
affected in opposite senses by the change in channel conductivity and the change 
in junction potential with temperature. Working under ideal conditions, 
therefore, a FET can exhibit a channel current temperature coefficient of almost 
zero. Unfortunately, these conditions are somewhat different for each unit, 
though approximations are given by equations 3.19 page47. 

(i.e. |VgsQ(Z)I — lVp| — K; being 0-63 or 0-9 for P and N-channel respectively) 

A better solution is that offered by the matched pair approach 13 , where the 
drifts of two almost identical FET's are arranged to cancel each other as far as 
possible. Unlike bipolar transistors, two FET's fabricated next to each other on 
one silicon slice are unlikely to be closely similar,so that it is necessary to test 
each structure individually and choose pairs which match within pre-determined 
limits. Siliconix matched pairs are selected by means of a unique computerized 
version of this procedure, and are then mounted in close proximity upon single, 
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multi-load homlcus so Hint temperature differentials are minimized. The latter 
precaution is important, because all parameters vary with temperature, and those 
of each hall ol a matched pair must not only be closely similar at one temperature, 
but must closely track each other as temperature varies. This means, of course, 
that the temperatures of the two structures must also be similar under operating 
conditions 

Some ni loal parameters for the Siliconix 2N5515 or 2N5520 dual N-channel FET 
will illUHtiato tho degree of matching which may be achieved: 


I'.ihimnlor 

Test conditions 

Min 

Max 

' 1 >! .M 
•l »!.* 

V DS = 20V 

v G s = o 

0.95 

1 

VliNI VgS2 

VDG = 20V 

ID = 200jjA 

— 

5 mV 

A(Vgs1 - VqS2) 

VdG = 20V 



AT 

Id =200pA 

TA = + 25 0 C Tb=+125°C 

— 

5jjV/°C 


or Ta = — 55°C Tb = + 25°C 



gfsi 

VqG = 20V 



gfs2 

ID = 200jjA 

0.97 

1 


f= 1kHz 




In this table, the first entry guarantees that when VqS = 20V, then the two 
values of IqsS will he within 5% of each other. All the other parameters are 
the results of tests carried out at constant values of Ip which are derived from 
highly stable constant-current generators. Figure 44 shows how the difference 
in gate-source voltage is measured under conditions of constant Iq: the two 
gates are grounded, and the difference between the source voltages is measured 
as the two current generators force 200;jA through each channel. This measure¬ 
ment is clearly (VgSI — V GS2)* which for the 2N5515/20 is guaranteed to be 
below 5mV. If now the FET is heated and cooled in an environmental chamber, 
the average drift in (VgSI — VgS 2) with temperature can be determined. The 
third entry in the table quotes 5^iV/°C for this measurement, and shows the 
actual temperatures over which the average rate of change is valid. Temperature 
drift, like noise, is usually dominated by the input stage of an amplifier, which 
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makes this measurement one of the most useful parameters of a dual FET. 


Figure 44 



The ratio of the two values of gf s is guaranteed as shown in the fourth entry. 

For the 2N5515/20, the two halves have gf s values within 3% of each other, 
which makes for considerable design simplification. 

The application of matched pairs to difference amplifiers will be considered in 
the next section; meanwhile, a second approach to d.c. amplification must be 
mentioned. This is the chopper approach, wherein the d.c. signal is chopped into 
segments (modulated), amplified by an inherently drift free a.c. amplifier, then 
reconstituted (demodulated) into its original form. Figure 45 shows how this is 
accomplished, and the chopper itself may consist of (a) an electro-mechanical 
relay-type unit (b) bipolar transistors (c) field effect transistors or (d) one FET 
and one bipolar. The advantages and disadvantages of these choppers will be 
briefly discussed, and the FET chopper treated in detail in chapter 6. 



Figure 45 The chopper approach to 'd.c.' amplification. 
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4.6 The Difference Amplifier 

This configuration, sometimes called a long-tailed pair, is shown in Figure 46. 

If the common resistance R x is large, then it essentially defines the total current 
(l D i + Iq 2)- and establishes that if Id 1 changes by an amount AIq. then lD2_ 
also changes by this amount, but in the opposite sense. That is, (IqI + *D2) = 'x. 
which is constant. 

For the above statement to be even approximately true, R x would have to be 
very large indeed, as would —Vqd- 

Both of these requirements are inconvenient, but the substitution of R x by a CL 
as shown in Figure 46 does much to solve the problem as it is an approximate 
current generator which passes an adequate quiescent current, but presents a very 
high incremental resistance r,js(CL)- 

If the CL is considered to be a perfect current generator, then the difference gain 
of the circuit can be determined without difficulty by observing that (IqI + '02) 

= l CL , which is constant. If this is the case, then for small changes in IqI and Iq2. 

dDI + 6«D1> + <'D2 + 6lD2) = 'CL 

so that 

61D1 = ~ & ! D2 
which in turn means that 

fcVQSI = “ *>VGS2 

(the gates will be biased either through shunt resistors or through the drive 
generator itself.) 



Figure 46 Replacement of the common resistor of a difference 
amplifier by a CL. 
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In other words, if the inputs at each gate are v g i and v g 2, then (v g i - v g 2> = 2v gs 
= v gg . Hence, the output voltage between the drains is: 


giving 


v dd = ( v d 1 -vd 2 )-F*D<id 1 — 'd 2 > = Rpgfsfvgsl - v gs 2 > 

= RDSfsVgg 


Vdd 

A v (dd)= Vgg =RD-9fs 


... (4.5) 


which is the same expression as for a simple CS stage. 

The common-mode gain may be equally easily obtained by observing that for 
similar signals at each gate, the drain currents will change in the same sense, so 
that if the CL is imperfect (that is, r<j s (CL) is not infinitely great,) there will be a 
nett change in the current passing through the CL. Because the signals at each 
are the same, and the two FET's are assumed to be perfectly matched, the two 
halves of the circuit may be treated as separate degenerate CS stages each with a 
source resistor of value 2r c j s (CL)- The gain of each, and hence the common-mode 
gain is therefore simply that of equation 3.16: 


_^dl _^d2_ -gfsRp 
Av(CM) = Vg1 - Vg2 = 1 + gfs.2rds(CL) 

and because 2rds(CL) is very large, this approximates to: 

_ Rd_ 

A v (CM) - “ 2r ds ( C L) ~ (4 ' 6) 

This is clearly a very low common-mode gain — much lower in fact than would 
be the case for any realistic value of R x if the circuit of Figure 46 (a) were used. 

A low common-mode gain is extremely desirable from the point of view of 
temperature drift, because changes in \q, Vqs and gf s can be treated as common¬ 
mode signals if they are all the same for both FET's. This is the reason why the 
two FETs must be closely matched for both initial values and for temperature 
tracking. Also, the simple expressions obtained above depend entirely upon 
perfect identity between the FET's. Had differences been taken into account, 
most unweildy expressions would have resulted. 

The common-mode rejection ratio, or discrimination factor, may be defined as 
the ratio of difference gain to common-mode gain, and is therefore given 
approximately by: 

Av(dd) 

CMR = A^ - 2gfsrds(CL) ... (4.7) 
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This equation has been derived for perfectly matched FET's. A more compre- 
hensive derivation, taking into account mismatching would indicate that CMR is 
a more complex function of the relative values of gfs and gos- R° r example, 

"I the 2N5515 series has a long gate geometry resulting in an inherently low g 0 s- 

| This provides a better g os match, allowing the manufacturer to guarantee a 

minimum CMR of 100 dB. (This assumes ideal circuit conditions). 

I 

I 
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I 
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Chapter 5 

HIGH FREQUENCY AMPLIFIERS AND MIXERS 


5.1 Introduction 

The FET has several advantages as a high frequency device if compared to the 
bipolar transistor. Firstly, it exhibits less noise up to and including the UHF 
range. Secondly, because the input resistance is very large (for the CS stage), it 
dissipates negligible power and also enhances the performance of any tuned input 
circuit. Thirdly, because it has a square-law transconductance curve, it is not 
only capable of handling much greater input voltage swings than the bipolar, 
but will do so with much less generation of unwanted components at the output. 

The following sections briefly describe the problems encountered in h.f. circuit 
design using FET s, and will include some practical circuits. 

5.2 The problem of h.f. amplification 

In Sections 3.5 and 3.6 it was shown that when signal frequencies rise to only the 
audio region, the inter-electrode capacitances of the FET begin to present 
reactances low enough to adversely affect the performance of the device — 
particularly with respect to input impedance. 14 For the CS stage, the Miller 
Effect provides the dominant capacitance, so that the input impedance is largely 
a reactance of value 

1 

x in = 2rrfCj n 

where Cjp = Cjss — AyC^ss ... (3.8b) 

from page 40 

For the CS connection this will be as low as a few thousand — or even a few 
hundred ohms at frequencies in the megahertz region. For the source-follower, 
and more particularly for the common-gate connection, the Miller capacitance is 
much reduced. For this reason the CG configuration is in common use in h.f. 
amplifiers. 

The reverse capacitance of a FET, apart from lowering the input reactance, feeds 
back signals from the output to the input, possibly contributing to instability - 
especially if the load itself is reactive. Consequently much of the design effort in 
h.f. amplification is directed towards the reduction of the effects of this reverse 
capacitance, such efforts being made by both the manufacturer and the designer: 
the former by fabricating geometries with low inter-electrode capacitances, and 
the latter by choosing optimum circuit configurations. Some of these 
techniques are: — 
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1. Employment of standard h.f. circuit techniques - i.e. the inclusion of inter¬ 
electrode capacitances as part of the resonant circuits and the provision of 

adequate screening between input and output sides. 

2. Use of the common-gate configuration where possible. Here, apart from the 
absence of phase reversal, the capacitance between input and output is Cd s , 

which is extremely small — so leading to a much lower Miller capacitance than 
for a CS stage. A similar result can be obtained by combining two FET's in the 
cascode connection. 


5.3 


3. Neutralization of the FET, which involves shunting the Miller capacitance 
with an inductive circuit, so producing a rejector circuit at the resonant 
frequency. This (as explained later) results ideally in the unilateralization of the 
amplifier — i.e. the removal of most of the internal feedback near the rejection 
frequency. 

These circuit techniques, along with the correct choice of FET, make possible 
the design of h.f. amplifiers which compare very favourably with similar circuits 
using bipolar transistors and which can be highly stable under all working 
conditions. Sections 5.3 et seq describe some of the techniques, and include 
discussion of the Linvill-Gibbons criteria for h.f. stability. The question of biasing 
is not discussed, as it is usual in h.f. amplifiers to employ chokes and transformers, 
where the 'dead' ends of the relevant winding are simply taken to properly 
decoupled biasing points. The low resistance of these windings ensures that 
direct voltage drops are negligible, so that biasing methods already discussed are 
entirely valid under these circumstances. 


The high-frequency FET 


Short-circuit admittance (or y-parameters) are particularly useful in h.f. 
calculations, and they refer to the 2-port equivalent circuit of Fig. 47. 
The equations describing this equivalent circuit are, referring to the CS 
configuration: 

hn = Yis^in + Yrs^out — (5.1 a) 

lout = Yfs^in + Yos^out ••• (5.1 b) 

where 

Ej n and lj n are the input signal voltage and current, 
and E out and l ou t are the output signal voltage and current. 


If the output is short-circuited to a.c. (that is, if a capacitor shunts the output 
signal), then measurements at the input will give: 


yjs = p. = input admittance with output s/c 

m (5 0 ut = 0) 
and 

lout 

yf s = = forward transconductance with output s/c 

E,n (E O ut = 0) 
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Figure 47 The CS y-parameter equivalent circuit. 


If the input is similarly short-circuited to a.c., and a signal applied at the output 
the remaining y-parameters may be measured: 


y rs = c = reverse transadmittance with input s/c 

E out( E j n = 0) 

and 

tout 

y os = c = output admittance with input s/c 

E °ut (Ejn = 0) 


Each of these parameters is a complex quantity, and may be derived from a 
'physical' equivalent circuit which is rather more comprehensive than that 
previously given in Figure 16, page 27 . Such an equivalent circuit, and 
expressions for the y-parameters in terms of its components, will be found in 
Reference 14. 

The y-parameters are, of course, functions of frequency, and are so described in 
the data sheets. Numerical values are given for specified working conditions, and 
graphs are often included from which values at other frequencies may be 
determined. Typical of such graphs are those of Figure 48, which relate to the 
2N5397. Notice that each y-parameter is specified in terms of its real and 
imaginary component. This approach is useful in that it enables stability 
calculations to be made as will be shown later. 

In Figure 48 it will be seen that the frequency scale rises to 1000 MHz. For all 
practical applications much above 600 MHz, however, lead and header 
capacitances make the encapsulated device unusable, and it becomes necessary 
to employ the flip-chip version (FC102) along with strip line techniques. Such 
methods will carry the useful performance of the FET up to about 1.5 GHz. 

For the common-gate configuration, y-parameters also exist, and though the 
equivalent circuit will remain unchanged, the numerical values of the parameters 
will be different. These parameters, yjg, y rg , yfg and y og , may also be expressed 
in terms of equivalent circuit parameters, 14 . 


76 


r i 

C * 

c ■ 

r i 

Cl 

.* 

r i 

r: i 
r: i 

Ci 

r: i 

r i 

n a 

r: i 
r:i 



Figure 48 y-parameters for the Si I iconix 2N5397. 


Graphs giving CG y-parameter values for the 2N5397 also appear in Figure 48. 
At the lower frequencies, it is reasonable to measure Cjss ar| d ^rss : f° r 
2N5397 working at 1 MHz these are 5 pF(max) and 1.2 pF(max) respectively 
when Vqg = 10V and \q = 10mA 
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The noise figure is also quoted, and often graphed, in the data sheets; it is largely 
a function of i n , this being the dominant generator at high frequencies. For the 
2N5397 the noise figure is 3.5 dB(max) at 450 MHz. 

5.4 Neutralization 

It has been explained that in order to negate the effect of C gc | in the CS h.f. 
amplifier, it is necessary only to shunt the gate/drain leads with an inductive 
circuit. Because the CS FET and its neutralizing path are in parallel, it is 
possible to define a set of y-parameters which relate to the FET taken along 
with this neutralizing path. This is done simply by adding the matrix of the 
FET to the matrix of the neutralizing path. That is: 


yis yrs 


’ YN -YN" 


'yis + vn 

yrs - m 


+ 





yfs yos 


-YN YN 


2 

> 

1 

42 

> 

_1 

yos + yn 


Hence the equations to the composite 2-port network become: 
'in = (Vis + yN>Ej n + (Vre-yN>E 0 ut 
'out = (yfs - yN)Ej n + (yos + yi\|)Eout 


or 

hn = Yis^in + Yrs^out ••• (5.2a) 

lout = Yfs^in + Yos^out ... (5.2b) 

where the primed y-parameters refer to the composite network. 

Clearly if perfect neutralization takes place so that the circuit becomes unilateral, 
then y ! rs = 0. That is: 

YN = Yrs 

and no feedback occurs. 

In practice, y^ is largely capacitive, so making the neutralizing path largely 
inductive. Both paths must have the same reactance at the frequency for which 
the amplifier is to be designed. That is: 

1 1 

2 " f L " 2nf Cgd 0rL= 4n 2 f 2 Cgd - <5 ' 3) 

This is normally achieved by using a variable inductor and connecting it in series 
with a large capacitor for d.c. isolation purposes. Such a circuit is given in 
Figure 49 and is described in Section 5.5 below. 

5.5 High-frequency amplification 

Figure 49 shows a 450 MHz amplifier stage using a neutralized 2N5397. Here 
the feedback path incorporates a 40 pF capacitor to ensure d.c. isolation between 
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the gate and the drain, and the neutralizing inductance is varied by adjustment of 
an aluminium slug inside the ceramic former. 

Both the input and output circuits are capacitively tuned, and at the input the 
inter-electrode capacitance contributes significantly to the tuned network. 

The practical difficulties involved with neutralization should not be minimized, 
for each circuit must be carefully adjusted for maximum gain at the desired 
frequency, a procedure clearly making for an increased production cost. Further, 
if a.g.c. is used, the resulting changes in the operating point of the FET will 
result in a variation in the value of C gc j, so that optimum neutralization cannot 
be maintained. However, it should be kept in mind that a FET stage is much less 
critical in this respect than is a bipolar stage. 

The dotted line of Figure 49 represents the shielding which must exist between 
the gate and drain leads for minimization of spurious feedback. The actual 
layout of this shielding in relation to other components is quite critical, and is 
usually optimized by trial and error. 



Figure 49 450 MHz neutralized CS amplifier stage 1 


Ci -4 - 0.8-12pF Johanson type 2950 

C 5 — 40pF DM5 silver mica 
C6-9 - lOOOpF Allen-Bradley type FA5C 

Li - 1.4" long; 22 gauge enamel, spaced 
0 . 1 " from L 2 

L 2 — 1 . 1 " long; 16 gauge solid copper 

L 3 — 1.3" long; 16 gauge solid copper 

L 4 — 1.4" long; 22 gauge enamel, spaced 

0.3" from L 3 

RFCi / 2 “ 0.15)jH Delevan type 1537-00 
L|\i — 3 turns 22 gauge enamel, 0.25" ceramic 
former; aluminium slug 
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The common-gate circuit, not having a frequency-dependent neutralization path, 
is not only free from the relevant adjustment problems, but is effective as a 
wider band amplifier. It does, however, exhibit a lower power gain than does 
the equivalent CS stage. 

Though the low value of Cd s makes the CG stage eminently suitable as a high 
frequency amplifier in principle, the shielding problem remains a critical one. 

For example, in the circuit shown in Figure 50, the shielding between the input 
and output (that is, between the source and drain leads) must be such that the 
stray capacitance is less than about 0.05 pF. 



Figure 50 450 MHz CG amplifier stage 14 . 

Ci -3 - 0.8-12pF Johanson type 2950 
C 4.7 — lOOOpF Allen-Bradley type SS5D 

RFC*| # 2 - 0.15pH Delevan type 1537-00 

L-| — 1.5" long, 16 gauge copper 

l _2 — 1 . 2 " long; 16 gauge copper 

L 3 — 2.0" long; 22 gauge copper enamel, 

loosely coupled to L 2 , 0.75" spacing 


• 1 s 

An alternative to neutralization in a CS stage is to employ the cascode connection 
The basic circuit is shown in Figure 51, from which it can be seen that a CS 
stage has a CG stage acting as its load. This means that a very low load is 
presented to the CS stage, so that its voltage gain — and hence its Miller 
capacitance — is small. It also produces power gain, and the CG stage produces 
voltage gain, so that the overall result is comparable to that of a neutralized CS 
stage. The cascode connection removes the necessity for a neutralizing induct¬ 
ance, and makes possible an amplifier having good bandwidth. 

The y-parameters for the composite cascode stage may be obtained from the CS 
y-parameters, and upon making the relevant calculations it is found that the only 
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value which is strikingly different from the comparable CS values is that of the 
reverse transadmittance, y rc . This is the parameter which describes the capacitive 
feedback path within the cascode stage, and for two similar FET's this capacitance 

is: 


9os 

C( g 1 -d2) -Cgd — 


... (5.4) 


Clearly, to make C( g i _ ^2) as small as possible, a FET with a low gosAtfs rat i° 
should be selected. 



Figure 52 gives a circuit fora cascode stage using two Siliconix U183 FET's, 
which are low-cost industrial N-channel types. This circuit may be tuned to work 
up to almost 100 MHz, and though its gain is inferior to the equivalent circuit 
using a single higher-frequency FET, the two U183 FET's taken together are 
distinctly cheaper. 


Figure 52 



Cascode amplifier for 40-80 MHz 

L; — tune with 30pF 

L 0 — tune with 20pF 


Summarizing, it may be said that for stages operating up to about 200 MHz, the 
cascode stage should be investigated as possibly the cheapest solution; for high 
power-gain stages up to 500 MHz, the neutralized CS stage is likely to be preferred 
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while for less critical, but lower gain stages, the CG configuration is most suitable. 
Where frequencies higher than 600 MHz are involved, use of the flip-chip FET 
becomes mandatory. 


5.6 Stability at high frequencies 

As a feedback path exists from the output to the input of a FET stage (C gc j for 
the CS configuration), the admittance at the input is in part a function of the 
admittance at the output. This internal feedback is taken into account in the 
y-parameter circuit by the current generator, y r E 0Ut . If the output load consists 
of a tuned circuit, as is usual, then at frequencies above resonance the admittance 
at the output (Yl+ y 0 ) will be inductive. A calculation based upon this fact will 
show that within some band of frequencies, the admittance at the input will 
turn out to have a negative real part. This means that for some values of input 
generator impedance, frequencies may exist such that the total admittance at 
the input becomes zero; so that oscillations can be sustained at these frequencies. 
If it is desired to operate the amplifier with a tuned input circuit, this condition 
for oscillation is quite likely to be met, and it therefore becomes necessary to 
modify the simple initial design so that the real part of the admittance at the 
input remains positive. 

Linvill and Gibbons* have used this concept to obtain expressions which will 
predict whether a stage will be unconditionally stable. They define a power gain 
as: 

lyfl 2 

G °° = 4 gi g 0 - 2R e (yfy r ) ”* (5-5) 


where gj and g 0 are the real parts of yj and y 0 (the remaining subscripts have 
been omitted because the technique is valid for the CS, CG, cascode or any othw 
connection for which four-pole admittance parameters are known). Also, 
lyfl is the modulus of yf; and Re(yfyr) * s the real part of the product yfy, 

Then a stability factor C is calculated: 


C - 2G 0 o 


Yr 

yf 


... ( 6 . 0 ) 


where 


is the modulus of the quotient y r /yf. 

If C is less than unity and G 00 has a positive value, the circuit is tint ondltlonally 
stable, and G 00 is within 3 dB of the maximum possible powor gain, whii h In 

2 g 00 [i - yr~c 2 ] 

G (mnx) C 2 , ( 13 , 7 ) 



* Linvill & Gibbons, " 1 1 ansistors and Active Circuits", McGrnw I lill I bn I 
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The two expressions (5.5) and (5.6) may be combined to give a single stability 
criterion, which is that: 


Re(vryf) lyryfil 

Gosling 1 has pointed out that for a simple CS stage, gj is essentially zero (until 
the froquoncy becomes so high as to be limited by circuit practicalities), so that 
inequality (5.8) cannot be met. However, if the inequality is re-written to include 
generator and load conductances*, gc and gi_, it becomes: 


RefyfYr) 

<9G + 9i) - 2(g 0 + g|_) 


ly r yfl 


2(g 0 + 9L> 


>0 ... (5.9) 


11 is now possible to choose external components so that stability is achieved. 
Gosling also shows that this procedure is equivalent to reducing the gain of the 
stage at the frequency of interest, and in the present text, this can be seen by 
returning to expressions (5.5) and (5.6). Suppose that the power gain, G 00 , turns 
out to have a positive value, but that C proves to be greater than unity. As G 0 o 
is present in the numerator of C, it is clearly necessary only to reduce its value 
until C falls below unity. This is most easily done by shunting the output with a 
conductance which will be additive with g 0 , and which will be large enough to 
reduce G 00 by the amount necessary to bring C below unity. This reduced value 
of G 00 may then be inserted into equation (5.7) to determine the actual power 
gain for the stage. 

The CG stage will normally give a positive value for G 0 <> and C will be less than 
unity. This is because gj is large if compared to the CS connection, as can be 
seen from Figure 48, page 77 . This does not mean, however, that the practical 
stage is always stable, for the problems of stray capacitance still exist. 

Stability can be obtained by perfectly neutralizing a CS stage, though this is a 
very difficult task in practice. For such a stage, equations (5.2a) show that no 
reverse transadmittance exists, so that the stability factor C is zero and the stage 
is inherently stable. The value of G 00 is now: 

lyfs - yrsl 2 

Goo(CSN) = 4(g js + g rs ) (g 0 s + 9rs> (5 ' 10) 

which is the maximum power gain, G( max ), because as C * 0, the expression for 
G(, n ax) ' n equation (5.7) tends to G 00 . 

Ii, / Power gain 

Learie et al**also derive the following y-parameter expression for the power gain 
m the case of a mismatched two-port network by taking the load admittance 

i < nr,ling, Townsend and Watson, "Field-Effect Transistors", Butterworth Group, 1970 
Luarlo ct al, "Elementary Circuit Properties of Transistors", Wiley (1964), pp 249-251 

loc.cit. 















Y(_ into account: 


where 


Ivfl 2 Re(Y L ) 

Ap= IVo + YU 2 RefVi + Y!) 


YfYr 

Y i'"y 0 + Y L 


... (5.11) 


This expression is difficult to solve when the load is a tuned circuit, because Yl 
will be an increasingly marked function of frequency as resonance is approached. 
However, for a unilateralized CS stage, or for a CG stage, where the reverse trans¬ 
fer y-parameter can be taken as essentially zero, Yi also becomes zero. Equation 
(5.11) can thus be simplified for the resonance condition as follows: 

Ivfl 2 Gl 

Ap(resonance) ~ gj {g 0 + g l )2 ... (5.12) 

For the maximum power transfer condition, where Gl = g 0 , this becomes: 

iyfi 2 

A P(max) (resonance) " 4 g ogi ... (5.13) 


This equation does, of course, imply that the two-port is conjugate terminated, 
which is the condition necessary for the derivation of the Linvill power gain, 
Goo- Hence, for the unilateralized CS stage, it is identical with equation ( 5 . 10 ) 
where the composite y-parameters for the unilateral network are substituted 
(see equations 5.2). 

As an example, let the CG y-parameters for the 2N5397 be substituted in 
equation 5.12. These are (from Figure 48, page 77 ): 

Yig “ 72 + j5.2 
yfg— —8.0 — j0.9 
y og -0.13 + j5.0 
Yrg —“0.2 — j0.3 

so that 


164-0.811 

A P(max)(resonance) “4 x 0.13 x 7.2 

= 17 or 12.3 dB 


This is the maximum power gain possible from a properly designed circuit such as 
that of Figure 50, page 77 . 
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5.8 Noise consideration 
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When a FET operates at high frequencies, the noise current generator is likely to 
be dominant; as would be expected having regard to Figure 31 , page 54 
where e* n is seen to become constant and low, whilst i n continues to rise. This 
situation arises mainly because of noise transmission through inter-electrode 
capacitances, which results in the two input noise generators becoming partly 
correlated at high frequencies. An approximate expression for the noise current 
generator is: 

T„- + 

Unfortunately the optimum generator conductance which results in a minimal 
noise factorls normally very different from that which results in maxima! power 
transfer. Compton 14 points out that if a multi-stage amplifier is matched for 
maximum midband power gain, then the noise factors are: 

9G 

NF = 1 + — for a CS stage 

1 

NF = 1 + ^ for a CG stage. 

1 + — 

9G 

which indicates that for low noise performance it is desirable that the conductance 
of the generator should be small. 

5.9 The FET mixer 

A mixer circuit accepts a h.f. modulated input signal, mixes it with a h.f. 
unmodulated signal derived from a local oscillator, and produces a series of 
frequencies which are functions of the original two. One of these, the difference 
frequency, is selected by tuned circuits, and is referred to as the intermediate 
frequency, or IF. The IF, which is modulated with the same waveform as the 
incoming signal, is then amplified and the modulating signal extracted for use. 

The purpose of this system is to produce a signal lower in frequency than the 
incoming signal so that it may be handled more effectively (and more cheaply). 

Normally, the input signal, va, is injected at the gate of the FET, and this input 
circuit is tuned to resonate at the frequency fA- The local oscillator signal, vg, 
may be injected either at the gate or the source. The output signal is tuned by 
the output circuit so that frequency components other than (fA — f[ 3 ) are much 
attenuated. 

That mixing occurs at all is dependent upon the non-linearity of the transcon- 
* see Van der Ziel, "Solid State Physical Electronics", Prentice-Hall 1967 
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ductance curve; that is, the fact that gf s is a function of the drain current \q. 
Normally the local oscillator voltage vb (= Vb sinw Bt) is large, and is injected 
either at the gate or the source so that the value of gf s is dependent on it. Then 
the (small) modulated input signal \j/\ is injected at the gate, so that io becomes 
a function of both. That is: 

ID = f(gfs.vA) 

= f' (vb, va) 

A large signal analysis of this situation shows that optimum conversion trans¬ 
conductance (g c = d'DflFl/dv^) occurs for either of two bias conditions: 

(i) VqSQ^Vp 

Here Vb can be made nearly equal toVp, so that only one half of 
the local oscillator waveform is actually used for gf s control. 

(ii) VqsQ- *V P 

Here Vb — 14 Vp, and the full waveform is used for gf s control. 

In both cases the theoretical value of g c turns out to be %gf S o/ but as the 
curvature of the transconductance curve departs markedly from a square-law at 
low values of I q, g c for the VQSQ * Vp case is actually poorer than predicted. 
This is further aggravated by the harmonics resulting from the fact that only 
half of the vb waveform is used under these circumstances. 

The conversion voltage gain of the mixer is given simply by: 

Avc “ 9c^L 

where Zj_ is the load impedance. 

A typical mixer circuit using gate injection is given in Figure 53. 

5.10 Cross modulation 

If two signals enter an amplifier stage, one of which is modulated, then the other 
signal becomes modulated to some extent in its passage through the stage. This 
is termed cross-modulation. For a wide-band h.f. stage this can be serious, but 
for a tuned stage it is usually unimportant. 

In the case of a mixer, it may turn out that the IF output signal has become 
modulated not only by the wanted modulation, but also by some unwanted 
modulation which may be present upon another, arbitrary, input signal. 

Cross modulation for the amplifier and the mixer is a result of departures of 
the transconductance curve from a true square law. For an amplifier the third- 
order terms relevant to this curve produce cross-modulation, and for the mixor 
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tho fourth-order terms result in cross-modulation observed at the intermediate 
frequency. The fact that the transconductance curve of the FET is closer to a 
IMim square law than that for any other device, however, does make it clear that 
Hs | km formance in h.f. circuits is likely to much superior to that of the bipolar 
lumsistor in this context. 



I i(jure 53 A gate-injection mixer stage 

Ci -4 - 0.8-12pF Johanson type 2950 

Li — 1.4" long; 22 gauge enamel, close 
coupled to L 3 

L 2 — 1 . 6 " long; 22 gauge enamel, close 
coupled to L 3 

L 3 — 1.75" long; 16 gauge copper 
Ti - Primary: 13 turns, 22 gauge enamel, 
close wound on 0.25" 
former approx. IpH 
Secondary: 3 turns, 22 gauge enamel, 
close wound over primary 























Chapter 6 

FET SWITCHES, CHOPPERS AND ANALOG GATES 


6.1 The FET as a switch 

Dependent upon the value of Vqs* the channel of a FET working well below 
saturation can present a wide range of (nearly) ohmic resistance. This has already 
been discussed in Chapter 4, and typical values of rps for some P-channel FET's 
were shown in Figure 12, page 23 . From this diagram it is apparent that the FET 
channel can be considered to represent a switching element; while Vqs represents 
a switch-controlling voltage. 

For a FET switch, three primary factors are of immediate interest: 

(i) The ratio of OFF to ON resistance 

When Vgs = 0* the channel of a junction FET presents a minimal 
resistance rDS(on)- This can be very small: for example, the Siliconix 
2N5432 has a guaranteed maximum ros(on) of only 5 ohms. Insulated 
gate FET's (MOSFET's) normally have a somewhat higher rDS(on)/ hut in 
the case of the Siliconix 3N167 P-channel enhancement MOSFET, this is 
typically only 20 ohms at Iq = 0.1 mA. In both cases the fully pinched-off 
channels represent very large resistance indeed, and Id (off) iS ,n tact the 
leakage current between drain and gate (or between drain and substrate for 
a MOSFET). 

For the 2N5432, lD(off)= 200 pA at Vds = 5 volts 

and Vqs = —10 volts 
and for the 3N167, lD(off)= 500 pA at Vds = “20 volts 

and Vqs = 0 

Although the existence of iD(off) (and IS(off)) make a true measurement 
difficult, the channel OFF resistance can be assumed to approach 10 12 ohms. 
The voltage drop across the channel during the ON condition is given by: 

VDD r DS(on) 
v DS(on) R D + rDS(on) 

and during the OFF time by: 

VDS(off) 88 VDD - lD(off)RD - (5.2) 

Figure 54 (in which some characteristics for the Siliconix 2N5432 are 
reproduced) shows how rDS(on) and ^D(off) var Y with temperature. As 
would be expected of a silicon device, the channel resistivity increases with 
temperature, so that roS(on) rises; and because iD(off) is largely the drain- 
gate leakage current, this also rises with temperature, as is shown in diagram 
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(c). These known variations enable equations 6.1 and 6.2 to be used in 
designs where a range of operating temperatures must be taken into account. 

Figure 54 Characteristics of the Siliconix 2N5432 series switching 
FET's. 



0 .--- l -i-*-L-1- 

0 0-5 1 0 1-5 20 


V cs /V p cr v gs moused to 

(a) inter-electrode capacitances versus gate 
voltage (normalized to Vp) 



(b) drain-source resistance versus temperature 
(normalized to 25°C). 
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(c) Id (off) versus temperature. 


From the foregoing discussion it is clear that the FET can in principle perform 
all the switching functions of the bipolar transistor. There are, however, 
some disadvantages; including somewhat lower switching speed, and the fact 
that Vp must by definition be greater than VbE- « s good design practice 
therefore to utilize the FET for switching circuits in which its unique 
properties may be put to use. Figure 55 gives a series of sketches showing 
channel resistance variation with Vq$ for the family of six field effect 
devices. These diagrams indicate that any desired rise or fall in channel 
resistance can be produced for a given drive signal by correct choice of 
field effect device; provided, of course, that the magnitude of the drive 
signal is greater than Vp or VQS(th)- 

(ii) The offset voltage 

If a bipolar transistor is used as a switch, a base current must flow when the 
device is in the ON condition. Thus the emitter-collector path is 'active' 
under these circumstances, so that a small voltage VcE(offset) always 
appears across an ON bipolar transistor. Even the best bipolar devices 
present an offset voltage of the order of a millivolt. By comparison, the 
FET presents zero offset voltage, which is evident from Figure 12a, page 22 
where all the characteristics can be seen to pass through the origin. This 
property is particularly advantageous when choppers for low-level d.c. 
amplifiers are to be designed (as will be seen later). 

(iii) Switching speed 

The time taken for a FET to switch ON and OFF is determined by both the 
external circuitry and the inter-electrode capacitances, along with the 
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(junction) 
FtTs 



channel resistance. For fast switching times it is sensible to select a FET 
with low inter-electrode capacitances, but as this implies a small-geometry 
device, the value of ros(on) is likely to be high. The following table 
illustrates the form of compromise which must be drawn between these 
capacitances and rDS(on) : 


Device 


r DS(on) (max) Qss(max) 


Crss(max) 


2N5432 5 ohms 30 pF 

2N4091 30 ohms 16 pF 

2N3824 250 ohms 6 pF 


15 pF 
5 pF 
3 pF 


Switching speed is conveniently defined for a specific circuit configuration 
in Figure 56 (b). Here a square-wave having a very fast rise-time and fall- 
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time is applied to the gate, and a set of switching times relevant to the 
channel is defined as: 

td = turn-ON delay time (the time taken for Iq to rise to 10% of its 
maximum value) 

t r = rise time (the time for Iq to rise from 10% to 90% of its maximum 
value) 

t Q ff = turn OFF time (the time for Iq to fall to 90% of its maximum value) 
tf = fall-time (time for Iq to fall from 90% to 10% of its maximum value) 

These definitions are further illustrated in Figure 56 (a). Actual values for 
switching times, along with measurement conditions, are given for the 
Siliconix 2N5432 series in Figure 56 (b) as examples of the magnitudes to 
be expected. 



Characteristic 

Test conditions 

Each device 

Unit 

mm 

max 

l d Turn-ON delay time 

V DQ = 1-5 vol,s 


4 

ns 

t, Rise time 

V GS10NI = 0 


1 

ns 

l 0 ll Turn-OFF time 

V G$(0FF| = -12 volts 


6 

ns 

l| Fall time 

^0(ON) = 10 mA 


30 

RS 


INPUT PULSE 
rise time 0*25 ns 

fall time 0-75 ns 

pulse width 200 n$ 

pulse rate 550 pps 


SAMPLING SCOPE 
rise tone 0 4 ns 

input resistance 10 Mn 
input capacitance 15 pF 


v 00 "V, INI 

Ioioni 



Figure 56b Switching times for the Siliconix 2N5432 
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I ho inter-electrode capacitances Cj ss and C rss are essentially components 
of the distributed junction capacitance, and as such are inverse functions of 
tho depth of the depletion layer — which in turn is a function of the gate- 
channel voltage. Consequently both Cj ss and C rss vary with the reciprocal 
of Vgs* as shown in Fig. 54(a), which means that accurate calculation of 
switching speed is rendered difficult due to these variations. 

I lowover, because the FET is a majority-carrier device, and so does not 
exhibit minority-carrier storage phenomena (as does a bipolar transistor), 
the interelectrode capacitances can have a dominating effect upon its 
transient performance. That is, the interelectrode capacitances affect not 
only switching speed, and hence the bandwidth of the circuit, but will also 
allow some capacitive feedthrough of the gate drive waveform. These 
el Iccts may be considered in a simplified empirical manner when related 
h» specific switching configurations, such as the chopper and analog gate 
(Sections 6.2 and 6.3). 

I lie wide range of \qsS values available (up to 0.3 ampere min. for the Siliconix 
11244 10 watt power FET) makes it possible to use FET switches for almost any 
pmpovo, from low-level logic to small power switching. There are also certain 
hiM4 |iif» properties which make some members of the family extra valuable for 
imm ili« applications. For example, the fact that the P-channel enhancement 
MOM I I inquires a gate voltage polarity of the same sense as the drain voltage 
means that it may be directly coupled to other, similar, MOSFET's to perform 
I-h|h functions with very simple circuit configurations. This property, together 
with ease of fabrication, has made it the standard element for medium and large 
ah* integrated circuits (MSI and LSI). 

Alsu the tael that the FET exhibits zero offset voltage has led to its very wide- 
piead use m chopper amplifiers and as an analog gate. These two important 
applii at tons are now considered further. 

I In* I I I chopper 

I he block diagram for a d.c. amplifier using an electro-mechanical chopper was 
given in I igure 4b, pago70. Such an amplifier is, in fact, very successful in that 
dull levelsi an be made very low indeed (better than 0.1 pV/°C): but the system 
idler, bom tho disadvantages of finite chopper life and a chopping frequency 
liiniird by mechanical considerations. Bipolar transistors can replace the electro- 
mei Intuit al i hopper, and will solve the problems of life and chopping frequency 
mu'll mm i * .'.hilly I hey do, however, introduce other problems. Paramount is 
ila* nveie limitation on smallness of signal which can be amplified, resulting from 
ilii* I’-Mont e of iho offset voltage between emitter and collector in the ON 
• ii it II l n >i i Also, the ratio of OFF to ON resistance is much poorer than for an 
nil dm mu Iimiiii al chopper; and this is even worse for the photo-chopper, which 
i i pltulot ondiidive cell illuminated by a square-wave of light flux. 


































As the FET presents no offset voltage*, it is particularly useful as a modulator for 
chopper-type d.c. amplifiers 16 , though the form taken by the demodulator is less 
important as the output signal is usually large. Figure 57 shows two FET's 
connected as the modulator and demodulator of a chopper-type d.c. amplifier, 
driven in anti-phase so as to simulate the action of the double-pole electro¬ 
mechanical chopper. 



These FET's are connected as shunt choppers, and Figure 58 (a) details the input 
chopper circuit; diagrams (b) and (c) giving equivalent circuits for ON and OFF 
conditions respectively. 


* Offsets do appear as a result of switching transient breakthrough and thermal 
e.m.f.'s — the latter rarely exceeding a few microvolts. Transient brook through 
will be considered later. 
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(c) 


The FET shunt chopper 
The ON state equivalent 
The OFF state equivalent 


I he (normally very small) generator voltage is E* m , and when the FET is ON the 
voltage presented to the amplifier is ideally zero, but in practice given by: 



ii 

c 

> 

where 

Rg is 
R' is 

and 

R* is 


EinR* 

Rg + R‘ + R* 


... (6.3) 


the internal resistance of the input voltage generator 
any other resistance in series with the input 
the parallel combination of ros(on) anc * R|_- 
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As the Input resistance to the amplifier, R|_, is normally very much larger than 
r DS(on)» equation 6.3 reduces to: 

_ Ein r PS(on) 

V in = Rg+R- +r DS (on) “ (6 ‘ 4) 

During the OFF conditions (and also because Rl is very large), 

Vjn = Ej n - ID(OFF) (Rg + R') ... (6.5) 

For optimum operation, Vj n during the ON condition should obviously be as 
small as possible. Equation 6.4 suggests that to attain this (Rg + R' ) should be 
as large as possible. However, equally obviously Vj n should closely approach Ej n 
during the OFF condition, which suggests that ID(off) an <J (Rg + R‘ ) should both 
be as small as possible! To choose a FET with a very low ID(off) ‘ s reasonable, but 
the resolution of the conflicting requirements in (Rg + R') must remain dependent 
upon the numerical values obtained from equations 6.4 and 6.5. Usually a 
compromise solution is adequate: if not, a more complex chopper may be 
utilized — such as the shunt-series configuration of Figure 59. 


Figure 59 


The series/shunt FET 
chopper 



Here a series FET replaces R* and is driven in antiphase compared with the 
shunt FET. Consequently, wnen the shunt FET is ON, the series FET is OFF, so 
that R' is very large indeed. Conversely, when the shunt FET is OFF, the series 
FET is ON, so that R' is now very small. Hence equations 6.4 and 6.5 are both 
optimized by this technique. 

Note that if complementary FET's are used (that is, one N and one P-channel 
type), antiphase drives are not required. However, because a multivibrator is 
usually used as a drive generator, signals in antiphase are normally available. 
Further, it is much cheaper to use matched FET's of one polarity than to 
attempt to match complementary pairs. This is because the question of matching 
in this context includes similarity of switching times, and hence inter-electrode 
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capacitances, for it is clearly necessary to ensure that any interval when the 
FET's are both ON or both OFF should be extremely short. The stringency of 
these requirements does in fact make the satisfactory matching of complementary 
pairs almost impossible. 

Inter-electrode capacitances are also important from the viewpoint of switching 
signal feedthrough, leading to the appearance of transient spikes superimposed on 
Vj n . The nature of these spikes is apparent from a consideration of Figure 58 (b) 
and (c). When the FET is switched OFF from the ON condition, the negative¬ 
going leading edge of the switching waveform generates a transient current which 
divides between C gs and C gc j. The former component is taken to ground, but 
the latter passes through C gc j to the signal circuit and produces a voltage drop 
across Rl in parallel with (R 1 + Rg) and r^s- If the FET has switched hard OFF, 
r f | s will be large, and as Rl is also large, the height of the spike will be determined 
mainly by (Rg + R 1 ). 



I igure 60 Shunt N channel FET chopper waveforms. 

Figure 60 shows this negative-going spike superimposed upon Vj n . When the 
FET switches from OFF to ON, the positive-going trailing edge produces a voltage 
transient in the opposite direction. This will, however, be smaller than the 
negative-going transient because the FET now presents a low value of rds 
(^ r DS(on) when hard ON), and this reduces the voltage drop considerably. This 
transient is also shown in Figure 60. 

The average value of these transients appears as a small apparent offset voltage. 
For very low-level applications, therefore, a FET having very low inter-electrode 
capacitances should be chosen, even though rDS(on) will inevitably be higher. 
Also, the series-shunt configuration should be considered seriously; it does result 
in a diminution of transient spikes, owing to the changing resistance presented by 
each FET to the other during switching. 

Whatever the choice of drive circuit, care should be taken to establish that | Vp| 
for the chopper FET's is exceeded during their OFF states so that signal break¬ 
through cannot occur. Note that if the signal polarities demand the use of 
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P-channel FET's, the foregoing discussion still applies, but that it is more difficult 
to effect a good compromise between a low ros(on) anc * low inter-electrode 
capacitances. 

This follows from the fact that, owing to the lower mobility of holes compared 
with electrons, the channel resistance of P-type FET's in general is higher than 
that for N-types. P-channel devices are rarely required, however, because Ej n is 
normally very small. Thus the N-channel FET can be considered fully bilateral. 

The question of applying the correct drive to the series FET is most conveniently 
considered in the context of analog gates, which are now to be discussed. 

6.3 The analog gate 

The analog gate is essentially a switch which can either be cut off, or will allow 
the (undistorted) passage of a time-varying signal. Because mechanical switches 
are comparatively slow and have limited lives - even the reed relay, which is the 
most successful switch to date — the FET has achieved considerable popularity 
in this application 17 

Fundamentally, the FET analog gate is a series-connected switch, as shown in 
Figure 61. It is driven by a sampling waveform which for the N-channel device 
shown, consists of a direct voltage greater than | Vpj which rises to zero each time 
Ej n is to be sampled. Frequently a number of channels need to be sampled 
consecutively and then applied to a single processor (e.g. an amplifier and recorder): 
such a system is shown in Figure 62. This is usually called a commutator, or 
multiplexer, which, because it consists of a number of identical FET's, is 
peculiarly suited to fabrication as an integrated circuit. These will be discussed 
in the next Chapter; for the present it is necessary to consider further the simple 
circuit of Figure 61. 

The sampled signal to the load, R|_, will be, for the ON condition of the FET: 

Ejn R|_ _ 

v in " Rg + rDS(on) + Rl ...(6.6) 

whereas for the OFF condition of the FET, it will be essentially zero. 

In equation 6.6 there are reservations to be made regarding some of the numerical 
values. Unlike the case for the chopper, Ej n may not necessarily be small; nor 
Rl_ very large: which means that the channel resistance rQS(on) might possibly 
be operated beyond its limited linear region. Hence some distortion of Vj n could 
conceivably occur. That is, the device may operate outside the triode region. 

Also, if Rl is not very large Vj n /Ej n might not approach unity. 

The actual value and polarity of Ej n affects the drive requirements considerably, 
and the situation may be conveniently summarized by making an inspection of 
Figure 61. 

For the OFF condition, where the FET is essentially an open circuit, Ej n will 
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I - i gu re 61 The analog gate 



I : i (ju re 62 The Commutator or Multiplexer. 

appear across points ji b there being no voltage drop in Rg. Hence if Ej n goes 
negative, it will tend to turn the FET ON again, so that the control voltage, Vc, 
must be made sufficiently negative to counteract this. That is, if the most negative 
excursion of Ej n is Ef n , 

IVc(off)! > IVp(max)! + l E inl + 2 ... (6.7) 

Here magnitude signs have been used so that the equation is fully general and 
applies also to P-channel gates. Also, a rule-of-thumb has been incorporated — 
that it is useful to exceed the minimum acceptable drive voltage by a safety 
margin of 2 volts. 

Conversely for the ON condition (when Vqs should be zero), the FET will tend 
to be turned OFF if Ej n goes positive. This means that Vq should go sufficiently 
positive to counteract this tendency. That is, Vq should go more positive than 
the voltage which appears across .a b: 
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where 


IVc(on)l ^ IVabl 


... (6.8a) 


Ejn ( r DS(on) + ^L.) 

= R g + r D s(on) + Rl 

If R|_ ^ r DS(on)» Rg* this becomes: 

lV C (on)l>IE|nl ...(6.8b) 


If VQ(on) complies with this condition, but Ej n is below its maximum positive 
value of Ejn, then the junction would be forward-biased. Hence a blocking diode 
must be inserted as shown in Figure 63. A resistor will effectively tie the gate to 
the source so that Vqs = 0 f° r the ON condition, but will prevent an unacceptably 
high current from flowing. If desired, a capacitor (shown dotted) may be added 
so that the switching speed may be increased. 


Figure 63 


Analog gate with isolating 
diode and referencing 
resistor. 



Figure 64 shows the equivalent circuits corresponding to the ON and OFF 
conditions of the analog switch of Figure 61. When | VqI rises to turn the FET 
OFF, rps also rises until it can be assumed to approximate to an open circuit 
when Vg S = Vp. After this, |Vcl continues to rise until the value defined by 
equation 6.7 is reached, the excess voltage, e Q v» above |Vp| being I Vc(off)I —lVp|. 
If Vc has a fast rise time, (much less than R|_(C|_ + C gc j)), this excess 
voltage will divide between C gc j and the load capacitance C[_ to produce a spike 
across the load of height e\_, where: 

~ c gd 

e L ~ e ov c gcl + C|_ * 6 - 9 * 

This spike will decay through the time constant Rl(C|_ + C gc j), and will be 
repeated for every ON to OFF sequence. If the area under these spikes is 
averaged per unit time, this will approximate to the apparent offset voltage 
across the load. Such a calculation will, however, be very approximate, for Cgd 
itself is a function of Vgd- 
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The junction FET can have both a low channel resistance and low inter-electrode 
capacitances compared to the MOSFET, and is therefore superior in respect of 
both signal path resistance and switching speed. As has been seen, however, it 
does require some external circuitry if signals of both polarities are to be 
accepted, and in this sense is less satisfactory than the MOSFET analog gate. 

The basic form taken by the P-channel enhancement MOSFET gate is shown in 
Figure 65, where it will be seen that a Zener diode structure has been included 
to protect the insulating layer from overvoltage damage. Some discrete MOSFET's 
such as the N-channel depletion 2N3136, omit this protective Zener so that they 
can be used in very low leakage applications. 


Figure 65 


Basic analog-switch unit , 
using P-channel 
enhancement MOSFET 
and Zener diode gate 
protection. 
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Recalling that junctions exist between source-substrate and drain-substrate, this 
substrate (or body) is taken to a supply voltage V B , whose value is such as to 
prevent forward-biasing of these junctions under any conditions. That is: 

V B >Ej n ... (6.10a) 

To prevent forward current flowing through the Zener diode, the substrate 
voltage must also be greater than the most positive excursion of Vq. That is: 

Vb> Vc(off) ...(6,10b) 

Hence V B is defined by the larger of the equations 6.10a or 6.10b. 

For the OFF condition, Ej n appears across points a. b, so that should Ej n go 
positive, it will be in such a direction as to turn the MOSFET ON if 
IE| n |> |VGS(th)l* This tendency must be counteracted by Vc, which must 
therefore go positive by an amount Vc( 0 ff), where: 

Vc(off) ^ ^in — |VGS(th) (min)I ••• (6.1 1 ) 

Conversely, to turn the MOSFET hard ON, Vgs must take a value VGS(on) 
which is more negative than VGS(th)* ar| d which can be extracted from data 
sheet information. Should Ej n go negative, it will subtract from VcS(on)/ so 
that the (negative) value of Vc(on) necessary to ensure that the MOSFET is 
turned hard ON must be: 

IVc(on)l>IVGS(on)l + IEj- n l ...(6.12) 

Having established the swing of Vc, transient considerations can be taken into 
account in much the same way as for the junction FET switch. 
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Chapter 7 

INTEGRATED CIRCUITS 


7.1 Introduction 

Modern semiconductor devices are normally fabricated in large numbers on single 
slices cut from the same crystal of silicon. The planar diffusion process has 
already been described in terms of a single FET in Chapter 1, and it will be 
appreciated that several hundred such structures can be made at the same time 
by using masks printed with suitable matrices of identical patterns. 

When the diffusion and passivating processes have been completed, the silicon 
wafers are scribed in a pattern of squares — each containing one FET structure. 
Before breaking along the scribed lines the individual chips' or 'dice' are 
tested, and then selected into groups having similar parameters — some being 
matched to form pairs as explained in Section 4.5. 

It is clear that by making interconnections between structures on the same 'dice' 
a multi-structure or monolithic integrated circuit can be produced. The term 
monolithic here implies that the group of interconnected structures has been 
formed on one die, as opposed to the multi-chip integrated circuit in which 
several separate dice are mounted on one header and connected together by 
external jumper wires. 

A third class of integrated circuit consists of structured dice plus discrete 
components such as chip capacitors; these are termed hybrid integrated circuits. 
Many hybrid operational amplifiers exist, some combining a dual FET first stage 
with a bipolar transistor succeeding amplifier, which can itself be either mono¬ 
lithic or discrete. 

The fabrication of both field-effect and bipolar structures on a single chip presents 
technical difficulties, but successful devices have been produced by Siliconix. 

One, the L120 MOSFET/bipolar amplifier, is described later in the Chapter. 
Conversely, multiple arrays of switching elements, being easier to fabricate, have 
proliferated: sundry forms of MSI, LSI and multiple analog-gates are readily 
available. The latter range of microcircuits has now reached the stage where 
effective interfaces can be formed between digital and analog networks when 
associated with the correct drive stages, which themselves can be successfully 
integrated. These arrays are dealt with in detail in the following sections. 

7.2 The multi-channel analog-gate 

The discrete array of junction FET's used in commutation and multiplexing, and 
typified by the four-channel example of Figure 62, page 99, is clearly an 
excellent candidate for microcircuit fabrication. The Siliconix G125F to G132F 
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range is a four-channel integrated circuit of precisely this form. The eight 
members of the range divide into two groups of four, one group with communed 
drains (as Figure 62), the other consisting of completely unconnected FET's. The 
four members of each group have maximum rpston) values ranging from 45 to 
500 ohms, the two lower resistance devices having somewhat higher inter-electrode 
capacitances than the two higher. 

The four-channel FET switch is a versatile unit, the applications of which include 
the multiplexer (usually in the commoned-drain version), modulator/demodulator 
chopper, and the high precision instrument rectifier (along with a sense amplifier). 
However, care must be taken to avoid the application of signals of too high an 
amplitude, or of the wrong polarity relevant to the driving systems used, as 
explained previously in Section 6.3. 

The driving problem is simplified if MOSFET rather than junction FET arrays are 
used 18 , because signals of either polarity may be accommodated without the use 
of the isolating diode or referencing resistor of Figure 63 (page 100). Also, the 
drive voltage may go both positive and negative, so that greater swings of Ej n are 
acceptable; though it should be remembered that if VqS becomes large (i.e. when 
the channel current is high), non-linearity of the channel resistance will result. 
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Figure 66 Five-channel MOSFET analog-switch array - e.g. Si/iconix 
G114L 


Figure 66 shows an array of five P-channel enhancement MOSFET's correspond¬ 
ing to the Siliconix G114L integrated circuit. Five Zener diodes are also integrated 
to protect each gate from overvoltages. The positive ends of the Zener diodes are 
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connected to the substrate or body, which implies that a positive voltage must be 
applied to the body which is at least equal to the maximum excursion of the control 
voltage Vq. This is one criterion of operation for the P-channei MOSFET switch. 
Others may be derived by inspecting the single-channel unit of Figure 65 as was 
done previously in Section 6.3. As an example of the use of these expressions 
(6.10 to 6.12), assume that the Siliconix G114L array of Figure 66 is to be run at 
its maximum allowed voltage of 20 volts peak-to-peak with equal 10 volt 
excursions about zero. That is, E| n = +10V and Ej~ n = —10V. 

From the data sheet, VGS(th) > s 9‘ ven as *y> n 9 between -2 and —6 volts, so that 
inequality 6.11 gives: 

VC(off) ^ Ein “ I VGS(th) (min)l 

> 10-2 = 8 volts 

Inequality 6.12 is: 

IVC(on)l > IVGS(on)l + lEfnl 

Knowing that VQS(on) must be more negative than VGS(th) (max),then: 

|VC(on)l ^ l v GS(th) (max)l + l^inl 
>6+ 10= 16 volts 

The data sheet states that the excursion of Vc must not exceed 30V, so that it 
would be reasonable to interpret the numerical inequalities above as giving: 

Vc(off) =+10V 


and Vc(on) = -20V 

Finally, expression 6.10a gives the body voltage as: 

Vb > Ej n which in this case gives +10V. 

The switching speed of the array is determined by both the internal capacitance 
and the rise and fall times of the driving waveform itself. Internal capacitances in 
MOSFET arrays can be very small - for example, C gs and Cgd for the G114L 
are only 0.5 pF maximum. The source-body and drain-body capacitances are 
also nominally very small; and are further reduced when the relevant junctions 
are reverse-biased by a high body voltage Vb- The switching voltage excursions 
typified by the nominal example given above are easily obtained from other 
FET or MOSFET circuits, but when the switching array is to be used in conjunction 
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with bipolar logic — where excursions of a few volts are normal — some design 
embarrassment may result. For this reason, the question of combining drivers 
with interfacing networks becomes of importance, and integrated circuits designed 
to achieve this combination will now be discussed. 

7.3 Drivers for field effect switching arrays 

The example of the last section indicated that a symmetrical drive voltage of 
+10V, —20 volts, along with a +10V body voltage was required. This suggests 
a bipolar driver circuit, having supply rails at +10 and —20 volts. This unit will 
receive a signal from whatever circuitry is relevant to the design under consideration, 
but as an example, Figure 67 (a) shows the voltage transfer function of a driver 




Figure 67 Typical transfer function and symbol for a non-inverting 
driver unit - e.g. Siliconix D112F or D120F. 


intended for use with a 5V positive logic system. Flere the output swings to 
—20V when the input is at zero; and to +10V when the input is at +5V. As both 
input and output voltages swing in the same direction, the symbol of Figure 
67 (b) may be used for this type of driver, a specific example of which is the 
Siliconix D112F or its faster equivalent, the D120F. These drivers each consist 
of two of the circuits shown in Figure 68, and operate as follows. 


Figure 68 
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When the PNP transistor is ON (Vs = 0), the NPN transistor is also driven ON, so 
that Vq = Vee; that is, -20V in the present example. Conversely, when the PNP 
transistor is OFF (Vs> V|_), then Vc = Vcc» which is +10V in the same example. 

Notice that the current to the NPN transistor is supplied not via a resistive load, 
but via a FET current-limiter, or 'pull-up'. In the case of the Dll IF to D121F, 
the pull-ups are integrated along with the other driver elements; but in other 
cases this is not necessarily so. For instance, the D123F to D125F six-channel 
drivers do not include pull-ups; instead they are integrated into the relevant 
analog-gate arrays — the G116F to G119F series. In this case the pull-ups are 
P-type enhancement MOSFET's, like the analog switches themselves, and they 
also act as integrated gate protection devices. This is the main reason for including 
the pull-ups in the switching array rather than the driver, and, in fact, for the 
G118F the gates of the pull-up MOSFET's are internally connected to the body 
so that the drain-to-body junctions act as simple protective Zener diodes. Such 
a connection can be made externally for other members of the range, as is 
obvious from Figure 69, where the shorting of terminals P and B will produce this 
result. 
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Figure 69 Five-channel analog-switch array with integrated MOSFET 
pull-ups — e.g. Siliconix G116F 

Integrated drivers which will operate from logic voltages below 1.0V are also 
available, as are drivers which produce internal inversion. For example, a 
microcircuit which has both of these attributes is the dual driver type D113F 
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(or D121F), for which a voltage transfer function and symbol are shown in 
Figure 70. 

The switching speed of the driver is governed both by internal and external 
delays, including the capacitance into which it must operate. 

Hence the time delays quoted are relevant to a particular external circuit, and 
may be augmented by specific increments of time for each extra picofarad of 
driven capacitance. This convention enables a determination to be made of the 
degredation in switching speed that will occur as a function of the number of 
analog switches driven — that is, the fan-out capability. 
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Figure 70 Typical transfer function and symbol for low input voltage 
driver - e.g. Siliconix D113F or D121F. 


7.4 Driver/analog-gate combinations 

The final step in analog-switch technique is obviously the inclusion of drivers and 
analog switches in the same microcircuit. From the foregoing it is clear that the 
number of possible combinations is enormous, so that it would be pointless to 
single out a few for discussion. Instead Figure 71 has been included to illustrate 

(a) the type of circuitry found in driver/gate combinations, (b) some of the 
functions available in multiple driver/gate microcircuits and (c) a selection of 
typical applications. 
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Junction FET driver-gate Function 

single pole double throw 



MOSFET driver-gate Utilizing 

emitter input 

requires less drive voltage than DG118 and opposite polarity 
drive signal. 



MOSFET driver-gate Utilizing 

base drive input 



Junction FET driver-gate Function 

single pole single throw 


I Mjure 71 a Typical circuit configurations for driver/gate combinations. 













































































Figure 71 (b) Typical examples of driver/gate combinations. 





Figure 71 (c) Some applications of integrated driver/gate units 
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Figure 71 (c) cont. Some applications of integrated driver/gate units. 
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7.5 The linear monolithic microcircuit 

It is now possible to integrate field-effect and bipolar structures, and the 
Siliconix L120 dual amplifier consists of two integrated amplifiers, one 
circuit of which is shown in Figure 72. Here the input device is a dual MOSFET 
connected as a difference amplifier, the common sources of which are supplied 
from a bipolar constant-current assembly. One drain has a bipolar temperature- 
compensated 'active' load, and the output feeds a bipolar common-emitter 
stage which has a MOSFET active' load - also temperature-compensated. 



Figure 72 The Siliconix L120 linear integrated amplifier circuit. 


The amplifier has quite a low open-loop gain within the range 100 - 1000, and 
is intended primarily for closed-loop unity-gain applications, such as the sample- 
and-hold circuit of Figure 73. Here the very low input leakage (less than 50 pA 
at 25°C) is of particular importance, as it represents an input resistance of some 
2 x 10 11 ohms. The LI 20 is inherently stable at unity gain, and has a slewing rate 
of 20V per microsecond: which attributes make it useful as a fast voltage 
comparator. 

For the unity-gain application, the output is simply connected to the inverting 
input, and this provides bias for the inverting gate. If, however, a filter which has 
a d.c. path through it (such as a Twin-T) is inserted into the lead, a useful 
frequency-selective amplifier will result. 


113 























































































































Figure 73 Siliconix L120 dual 

integrated amplifier as 
dual uhity-gain amplifiers , 
or buffers. 





The LI20 may be considered the forerunner of linear high input impedance 
monolithic i.c.'s which will, in due course, become competitive with the hybrid 
or multi-chip units which at the time of writing are paramount. 
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MISCELLANEOUS DEVICES AND APPLICATIONS 


II. 1 Introduction 

Previous chapters have briefly covered the most common field effect devices and 
their areas of application. There are, however, other devices and applications: 
the latter continuing to proliferate as designers become increasingly aware of the 
potentialities of the field effect structure. For this reason this handbook 
concludes with a small selection of topics not falling naturally into the categories 
discussed earlier. 

0.2 The photo-FET 

When energy in the form of heat or light is applied to semiconductor material, 
the number of electrons in the valence band which acquire sufficient energy to 
jump the first conduction band increases. The resultant free carriers are then 
available for current conduction; that is, intrinsic conduction increases (as 
opposed to extrinsic conduction which depends on the doping level). When a 
reverse-biased junction is present — as in a FET — the free intrinsic carriers are 
accelerated across the depletion layer to produce the leakage current. This is 
why the leakage current is a function of temperature. It also explains why, 
when the encapsulation of a FET is arranged to permit the entry of light, a 
photo-detector results 19 

Figure 75 (a) shows a N-channel photo-FET (i.e. the Siliconix P236, P237 or P23E 
connected as a source-follower. The biasing system is normal, and implies that a 
quiescent current Iq flows under dark conditions as defined by the bias diagram 
of Figure 75 (b). The bias-line on this diagram will be seen to cut the Vqs axis 
at a small positive voltage. This is the voltage drop across Rq due to the small 
leakage current Iq: 

V B = Ig RG - (8.1) 

When the photo-FET chip is illuminated via the lens (which forms the end of the 
TO-18 can), this leakage current increases by an amount Ip, the photo-current. 

Hence 


V B = (lG + lp) RG -..(8.2) 

The photo-current is directly proportional to the intensity of the incident light 
(for a constant color content) and clearly results in a voltage drop which increases 
the drain current over and above Iq. The circuit is therefore exactly comparable 
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Figure 75 (a) The Photo-FET connected as a source-follower , with (b) bias diagram 
showing rise of operating point with increasing illumination 

to a source-follower stage with a voltage input signal, and because Rp is a feed¬ 
back resistor, its tendency is, as usual, to linearize the stage. Thus V ou t is directly 
proportional to the incident light intensity within the limits of linearity normal 
to a source-follower. 

In equation 8.2 it will be seen that the leakage current Iq (which approximates 
to IQSS) contributes to the voltage drop across Rq, and hence to the output 
voltage. This means that the output will be independent of the leakage current 
only if: 



(i) 

lp> Iq 


(ii) 

the quiescent output voltage is backed-off by a standing 
voltage (preferably-the quiescent output voltage of a 
matched stage having its photo-FET kept dark) 

and 

(iii) 

the incident light is chopped so that the resultant a.c. 
output may be taken off via a capacitor. 


Condition (i) is usually relevant to ON/OFF applications such as punched tape or 
card readers, where the illumination level can be quite high. 

Condition (ii) is that under which simple photometers operate, and two examples 
are given in Figures 76(a) and 76(b). Here Siliconix P102 P-channel FET's have 
been used. 
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Iigure76a Simple photometer. 
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I i(jure 76b Drift-balanced photo¬ 
meter. 
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The detection or measurement of a chopped light beam involves the simplest mode 
of operation, drift being unimportant, and the photo-FET may, if desired, be 
incorporated as the first stage of a feedback amplifier in the usual way. Thus a 
linear high-gain amplifier can be constructed, having a light rather than a voltage 
input signal. 

The sensitivity of the photo-FET is a function of both the intensity and the 
spectral content of the incident light. It is usual to quote this sensitivity in terms 
of the gate photocurrent, so that variations in the FET parameters or in the 
external circuit do not become involved. 

For example, the sensitivity of the Siliconix PI02 is (typically): 

S| = 1.2 juA/mW/cm 2 for radiation at 0.9 microns 

This means that when radiation of 0.9 microns (9000&), which is in the near 
infra-red, falls on the photo-FET, the gate current will be 1.2 Dr, where D r is 
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the irradiation in milliwatts per square centimeter. Hence the equivalent input 
voltage is: 

AVgs = S|DrRg ...(8.3) 

The Noise Equivalent Power, or N.E.P., is defined as the level of irradiation which 
would produce a signal voltage equal to the noise voltage under the same external 
conditions. That is; the level of irradiation at which the signal-to-noise ratio is 
unity. 

Both signal and noise voltages can be referred to the input, or gate, both being 
subject to the same amplification, so that IN.E.P. may be given by: 

vn.A 

where v|\| is the total input noise voltage due to both e n and the thermal noise of 
R g ; and A is the effective area of the device. 

As an example, consider the P-102 operating with a 0-9 micron light beam (from 
a gallium arsenide diode lamp) chopped at 100 Hz. The data sheet curves of v^j 
versus frequency give a value of 0-2 yi\J! \fHz when Rg = 1 megohm; and A may 
be assumed to be 7.9 x 10’ 2 cm 2 . Hence, from equation (8.4): 

0.2 x 7.9x1 O' 2 . _ 

N.E.P. = - \, 2x76^— = 1>32x 10 mW/ v/Hz 


(Note: for bandwidths other than unity, the term Af must be included in the 
denominator). 

A very common figure-of-merit is the detectivity, D*, which is defined as the 
unity bandwidth signal-to-noise ratio for a photodetector of unit effective area 
irradiated with unit power. That is, 


S|N-Rg 

vn 


... (8.5) 


and observing that the N.E.P. for a cell of unit effective area is simply v|\j/S|R g , 
this becomes: 

D * = N.E.P. 


The signal-to-noise ratio for any photo-detector is proportional to the root of the 
effective area, so that for a cell of area A, 

v'A 


D# ” N.E.P. 


... ( 8 . 6 ) 


For the P-102 working under the same conditions as in the foregoing example, 
the detectivity may be calculated: 
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D 


7.9 x 10~ 2 



1.32 x 1CT 11 


= 2.3 x 10 10 cm. \/Hz/W 


8.3 The FET squaring circuit 


In some areas of signal processing — such as noise and power measurement for 
example — the squaring of a waveform is desirable. Here the square-law trans¬ 
conductance characteristic of the junction FET is particularly useful, for if two 
matched FET's are driven in antiphase by an input signal, then the sum of the 
two drain currents will consist almost entirely of a square wave component plus 


the quiescent current: 


If 



and 

VGS(1) = V GSQ + Vgs 


then 

V GS(2) = VGSQ - Vgs 

iD(1) + 'D(2) = IDSS 

V GSQ + Vgs ,2 , 

vp H 1 - 


2IDSS 

= v P 

[(Vp - Vgsq) 2 + Vgs 2 ] 


VGSQ - Vgs ,2 


Vp 


(8.7) 


The basic squaring circuit, and the composite transconductance characteristics, 
are sketched in Figures 77 (a) and 77(b). The resultant departs slightly from the ideal 
parabolic form because the two separate transconductance curves are, of course, 
only approximate square-laws. This leads to a certain amount of distortion in the 
output signal, which is further degraded by the phase-splitter (see Figure 78) 
which must exist if the original input signal is single-ended. 

Figure 77a shows that the output voltage is dropped across a load resistor 
connected to the commoned drains. If the signal frequency is sufficiently high, 


I inure 77a Basic squaring circuit. 
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Figure 77b Composite transconduct¬ 
ance characteristics for 
the squaring circuit of 
Figure 77a. 



the output may be extracted via a capacitor connected to these drains. But for 
very low frequency signals, d.c. techniques must be used, which means that 
considerable attention must be paid to drift compensation in the circuit. The 
optimum devices for this application are the Siliconix 2N4867 single or 2N5519 
dual series, due to that fact that they most closely obey the square law trans¬ 
conductance curve. 

Although it has been assumed that FET's must be matched for successful squaring, 
in fact this is not necessarily so. Reference 20 available from Siliconix Limited 
shows how unmatched FET's may be employed if balancing procedures and 
components are included. 



Figure 78 Simple squaring circuit with phase splitter. 
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8.4 


8.5 


Regenerative switching circuits 

The three fundamental regenerative switching systems in electronics are the 
astable, monostable, and bistable configurations — all of which are variations 
on the theme that when one active device turns ON, it switches the other OFF 
in the process, and vice versa. As the names suggest, the astable circuit is free- 
running, and will produce a square-wave; the monostable needs an external 
stimulus to switch it over, when after characteristic dwell-time it reverts to the 
stable state; and the bistable circuit needs an external stimulus to switch it both 
over and back. 

The low base-emitter voltages of the bipolar transistor makes it very suitable for 
the majority of regenerate switching circuits; but for certain specialized applications, 
such as long dwell-time circuits, FET's become preferable. Figures 79 and 80 
illustrate astable and monostable circuits, each of which has a dwell-time of the 
order of half-a-minute. 

Both examples depend on the fact that the capacitor slowly charges through the 
10 megohm resistor without significant leakage via the gate of the FET. (The 
capacitor itself must, of course, also be a low leakage component). 

In the case of the astable circuit, close equality of dwell-times depends upon the 
closeness of match of 

(a) the pinch-off voltages for the FET's 

(b) the two capacitances 

and (c) the two resistances 

Figure 81 shows a bistable circuit 21 . Here the advantage is not related to the 
high input resistance of the FET, but to its low power consumption capability. 

For the circuit shown power consumption is only some 180 microwatts. 

Finally, Figure 82 has been included to show how a photo-FET may be used in a 
regenerative latching circuit. This circuit will turn ON when a pre-determined level 
of illumination is reached, after which a manual reset is required. Such a circuit 
could be of use in a flame-detector circuit, for example. 

Oscillators 

The high input resistance of the FET has already been shown to be useful in 
astable regenerative oscillator circuits where a long dwell-time is required 
(Figure 79). The same high input impedance facility is also useful in sinusoidal 
oscillator circuits which include feedback elements and which must feed (ideally) 
into infinitely high load impedances. Cases in pomt include the conventional 
Twin-T and Wein-Bridge networks, and an example of the latter is included in 
Figure 83. Here the Wein network is fed from the low impedance output of the 
emitter-follower, and is loaded by the very high impedance presented by the gate 
of the FET. The biasing of the FET is easily accomplished by taking the ground' 
end of the Wein network to a Zener diode. 
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Figure 79 


Figure 80 


Figure 81 


Astable circuit (multi¬ 
vibratorj for one cycle 
per minute (approx.) 
(Note: Capacitors must be 
very low leakage, non¬ 
polarized). 
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Very low power bistable 
circui t. Dissipa tion 
approx. 180 mW, 
trigger approx. +7.5V. 
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Selective Amplifier 
version 



I Mjt im II I Wo in Bridge oscillator/selective amplifier. (Wein components 
shown givo 400 Hz center frequency). 


Nolo that if the forward gain of the amplifier is reduced to below three, then 
Ihm iiuso tho attenuation in the Wein network is also three, the loop-gain will 
httcomo loss than unity, and oscillation will cease. (This may be achieved by 
intioducing degeneration into the common-emitter stage; that is, by using RV1 
In allow part of the emitter resistor to remain unbypassed). The circuit then 
I mm nines n frequency-selective amplifier, having a Q which is controllable (also 
hy IIV I). Tho input signal may be injected at the base of the CE stage and 
nxlnn led ill iho emitter of the emitter-follower. 
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Other forms of FET oscillator follow bipolar practice quite closely. For example, 
a crystal oscillator may be very simply built as shown in Figure 84 22 . Here the 
use of a FET results in good Q because the gate circuit does not significantly load 
the crystal itself. 


Figure 84 


1 MHz crystal oscillator. 



8.6 Conclusion 

This book has been published to give a brief outline of the potentialities of the 
family of field effect transistors. The circuits depicted are basic; that is, they 
contain only the minimum of components necessary for operation, and it has 
been left to the reader to modify and incorporate them in the light of experience 
into more sophisticated networks. Such circuits are necessarily transient, for as 
the number of devices — both discrete and i.c. FET's — continues to grow, so 
will the best, cheapest or most reliable method of achieving a desired result not 
remain constant. Siliconix continually introduce new devices, and maintain a 
comprehensive flow of data sheets and application reports to enable the designer 
to remain fully informed of the latest advances in field effect electronics. 
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r ml inis and Definitions 


MV|Hss 

l* v l)SX 

"Vqss 


Maximum drain-gate voltage with source s/c to drain 
Maximum drain-source voltage with gate s/c to source 
Maximum drain-source voltage with specified gate bias 
Maximum gate-source voltage with drain s/c to source 


i ,| M (nr C rss ) 

{ oil 
1 U* 

« ,(or C HSS ) 

* mm l (, r ( 'dss) 
I Mil 


Drain-source capacitance 

Gate-drain capacitance 

Gate-source capacitance 

Gate input capacitance with drain s/c to source 

Drain output capacitance with gate s/c to source 

Common-mode rejection ratio 


Uf« 

Ufio 

Utm 


Transconductance 
Transconductance when Vqs = 0 
Output conductance 


l( I 
M * 


id 

Iq 

•dss 

•duo 

■i>(on) 

hXOFF) 

•liSS 


Current passed by saturated current-limiter 

Incremental drain current 

Direct drain current 

Quiescent value of drain current 

Drain current when Vqs = 0 

Drain-to-gate leakage current when source is o/c 

Drain current for specified (ON) bias conditions 

Drain current for specified (OFF) bias conditions 

Gate leakage current 

Gate leakage current when drain is s/c to source 


Nl 


Noise factor 


i 

»F 

»«L 

US 

r tli 

r DS 

r Qd 

V 


V DD 

V DS 

v«s 

V(iSQ 

v («S(th) 

VIU 1 
V.U _ 
Vo U 

V.il J 

Vf» - 
V(» 

Vim 
Vr» „ 


Drain resistor 
Feedback resistor 
Load resistance 
Source resistor 

Incremental channel resistance 
Chord or large-signal channel resistance 
Gate-drain resistance 
Gate-source resistance 

Temperature 

Gate bias voltage with respect to common line (or ground) 

D.C. supply rail voltage 

Drain-source voltage 

Gate-source voltage 

Quiescent gate-source voltage 

Threshold voltage (for enhancement MOSFET) 


Common-gate y-parameters 


Common-source y-parameters 


Page of first 
occurrence 
21 
21 
21 
20 

26 

26 

26 
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28 

72 

18 

18 

21 

65 

27 

7 

39 

7 

23 
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23 

39 
13 

49 

34 

43 

40 
33 
21 
22 
27 
27 

37 

33 

36 

7 

8 
8 
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